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Magnetic systems have been extensively studied both from a fundamental physics perspective
and as building blocks for a variety of applications. Their topological properties, in particular
those of excitations, remain relatively unexplored due to their inherently dissipative nature. The
recent introduction of non-Hermitian topological classifications opens up new opportunities for en-
gineering topological phases in dissipative systems. Here, we propose a magnonic realization of
a non-Hermitian topological system. A crucial ingredient of our proposal is the injection of spin
current into the magnetic system, which alters and can even change the sign of terms describing
dissipation. We show that the magnetic dynamics of an array of spin-torque oscillators can be
mapped onto a non-Hermitian Su-Schrieffer-Heeger model exhibiting topologically protected edge
states. Using exact diagonalization of the linearized dynamics and numerical solutions of the non-
linear equations of motion, we find that a topological magnonic phase can be accessed by tuning
the spin current injected into the array. In the topologically nontrivial regime, a single spin-torque
oscillator on the edge of the array is driven into auto-oscillation and emits a microwave signal, while
the bulk oscillators remain inactive. Our findings have practical utility for memory devices and
spintronics neural networks relying on spin-torque oscillators as constituent units.
Introduction. Since the discovery of the quantum Hall
effect in 1980, topology has become a cornerstone in the
understanding of condensed matter systems [1]. Con-
necting concepts drawn from topology to electronic sys-
tems has led to the discovery of a plethora of new phe-
nomena such as the quantum anomalous Hall [2] and
quantum spin Hall effects [3], and new materials, includ-
ing, but not limited to, Weyl semimetals [4], topolog-
ical superconductors [5] and topological insulators [6].
One of the most fascinating aspects of topology is the
bulk-boundary correspondence [7], in which bulk system
properties predict the existence of topologically protected
modes localized at the boundary between topologically
trivial and nontrivial systems. Due to their robustness
with respect to environmental perturbations, topologi-
cally protected gapless edge excitations have been pro-
posed as platforms for a wide range of potential applica-
tions, spanning from electric circuits to quantum compu-
tation [8]. Topological phases of matter have been con-
sidered in systems other than electronic ones such as ul-
tracold atoms [9], photonic crystals [10], and mechanical
systems [11].
Topological bands for magnons, i.e. linear excita-
tions of magnetic systems, have been considered [12],
however this direction of research remains relatively un-
explored. This is in part because magnon number is not
conserved due to ubiquitous spin nonconserving interac-
tions of magnons with the crystalline lattice [13]. Con-
ventional descriptions of topological phases rely on Her-
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JN , GN
<latexit sha1_base64="VAggJFfBN4Xesq3RsoTPdx98a1A=">AAAB83icbZDLSgMxFIbPeK31VnXpJlgEF1JmRNBl0YXiQirYC7RDyaRpG5rJDMkZoQx9DTcuFHHry7jzbcy0s9DWAyEf/38OOfmDWAqDrvvtLC2vrK6tFzaKm1vbO7ulvf2GiRLNeJ1FMtKtgBouheJ1FCh5K9achoHkzWB0nfnNJ66NiNQjjmPuh3SgRF8wilbq3HXT+8kpucmubqnsVtxpkUX wcihDXrVu6avTi1gScoVMUmPanhujn1KNgkk+KXYSw2PKRnTA2xYVDbnx0+nOE3JslR7pR9oehWSq/p5IaWjMOAxsZ0hxaOa9TPzPayfYv/RToeIEuWKzh/qJJBiRLADSE5ozlGMLlGlhdyVsSDVlaGMq2hC8+S8vQuOs4ll+OC9Xr/I4CnAIR3ACHlxAFW6hBnVgEMMzvMKbkzgvzrvzMWtdcvKZA/hTzucPKGCRGQ==</latexit><latexit sha1_base64="VAggJFfBN4Xesq3RsoTPdx98a1A=">AAAB83icbZDLSgMxFIbPeK31VnXpJlgEF1JmRNBl0YXiQirYC7RDyaRpG5rJDMkZoQx9DTcuFHHry7jzbcy0s9DWAyEf/38OOfmDWAqDrvvtLC2vrK6tFzaKm1vbO7ulvf2GiRLNeJ1FMtKtgBouheJ1FCh5K9achoHkzWB0nfnNJ66NiNQjjmPuh3SgRF8wilbq3HXT+8kpucmubqnsVtxpkUX wcihDXrVu6avTi1gScoVMUmPanhujn1KNgkk+KXYSw2PKRnTA2xYVDbnx0+nOE3JslR7pR9oehWSq/p5IaWjMOAxsZ0hxaOa9TPzPayfYv/RToeIEuWKzh/qJJBiRLADSE5ozlGMLlGlhdyVsSDVlaGMq2hC8+S8vQuOs4ll+OC9Xr/I4CnAIR3ACHlxAFW6hBnVgEMMzvMKbkzgvzrvzMWtdcvKZA/hTzucPKGCRGQ==</latexit><latexit sha1_base64="VAggJFfBN4Xesq3RsoTPdx98a1A=">AAAB83icbZDLSgMxFIbPeK31VnXpJlgEF1JmRNBl0YXiQirYC7RDyaRpG5rJDMkZoQx9DTcuFHHry7jzbcy0s9DWAyEf/38OOfmDWAqDrvvtLC2vrK6tFzaKm1vbO7ulvf2GiRLNeJ1FMtKtgBouheJ1FCh5K9achoHkzWB0nfnNJ66NiNQjjmPuh3SgRF8wilbq3HXT+8kpucmubqnsVtxpkUX wcihDXrVu6avTi1gScoVMUmPanhujn1KNgkk+KXYSw2PKRnTA2xYVDbnx0+nOE3JslR7pR9oehWSq/p5IaWjMOAxsZ0hxaOa9TPzPayfYv/RToeIEuWKzh/qJJBiRLADSE5ozlGMLlGlhdyVsSDVlaGMq2hC8+S8vQuOs4ll+OC9Xr/I4CnAIR3ACHlxAFW6hBnVgEMMzvMKbkzgvzrvzMWtdcvKZA/hTzucPKGCRGQ==</latexit><latexit sha1_base64="VAggJFfBN4Xesq3RsoTPdx98a1A=">AAAB83icbZDLSgMxFIbPeK31VnXpJlgEF1JmRNBl0YXiQirYC7RDyaRpG5rJDMkZoQx9DTcuFHHry7jzbcy0s9DWAyEf/38OOfmDWAqDrvvtLC2vrK6tFzaKm1vbO7ulvf2GiRLNeJ1FMtKtgBouheJ1FCh5K9achoHkzWB0nfnNJ66NiNQjjmPuh3SgRF8wilbq3HXT+8kpucmubqnsVtxpkUX wcihDXrVu6avTi1gScoVMUmPanhujn1KNgkk+KXYSw2PKRnTA2xYVDbnx0+nOE3JslR7pR9oehWSq/p5IaWjMOAxsZ0hxaOa9TPzPayfYv/RToeIEuWKzh/qJJBiRLADSE5ozlGMLlGlhdyVsSDVlaGMq2hC8+S8vQuOs4ll+OC9Xr/I4CnAIR3ACHlxAFW6hBnVgEMMzvMKbkzgvzrvzMWtdcvKZA/hTzucPKGCRGQ==</latexit>
(b)
<latexit sha1_base64="8I96tkwj/RW4eiH+RYu4CyLmEHs=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tFqJeSiKDHohePFe0HtKFstpt26WYTdidCCf0JXjwo4tVf5M1/47bNQVt fWHh4Z4adeYNECoOu++0U1tY3NreK26Wd3b39g/LhUcvEqWa8yWIZ605ADZdC8SYKlLyTaE6jQPJ2ML6d1dtPXBsRq0ecJNyP6FCJUDCK1nqoBuf9csWtuXORVfByqECuRr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdi4pG3PjZfNUpObPOgISxtk8hmbu/JzIaGTOJAtsZURyZ5drM/K/WTTG89jOhkhS5YouPwlQSjMnsbjIQmjOUEwuUaWF3JWxENWVo0yn ZELzlk1ehdVHzLN9fVuo3eRxFOIFTqIIHV1CHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+R8/gCKMo1L</latexit><latexit sha1_base64="8I96tkwj/RW4eiH+RYu4CyLmEHs=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tFqJeSiKDHohePFe0HtKFstpt26WYTdidCCf0JXjwo4tVf5M1/47bNQVt fWHh4Z4adeYNECoOu++0U1tY3NreK26Wd3b39g/LhUcvEqWa8yWIZ605ADZdC8SYKlLyTaE6jQPJ2ML6d1dtPXBsRq0ecJNyP6FCJUDCK1nqoBuf9csWtuXORVfByqECuRr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdi4pG3PjZfNUpObPOgISxtk8hmbu/JzIaGTOJAtsZURyZ5drM/K/WTTG89jOhkhS5YouPwlQSjMnsbjIQmjOUEwuUaWF3JWxENWVo0yn ZELzlk1ehdVHzLN9fVuo3eRxFOIFTqIIHV1CHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+R8/gCKMo1L</latexit><latexit sha1_base64="8I96tkwj/RW4eiH+RYu4CyLmEHs=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tFqJeSiKDHohePFe0HtKFstpt26WYTdidCCf0JXjwo4tVf5M1/47bNQVt fWHh4Z4adeYNECoOu++0U1tY3NreK26Wd3b39g/LhUcvEqWa8yWIZ605ADZdC8SYKlLyTaE6jQPJ2ML6d1dtPXBsRq0ecJNyP6FCJUDCK1nqoBuf9csWtuXORVfByqECuRr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdi4pG3PjZfNUpObPOgISxtk8hmbu/JzIaGTOJAtsZURyZ5drM/K/WTTG89jOhkhS5YouPwlQSjMnsbjIQmjOUEwuUaWF3JWxENWVo0yn ZELzlk1ehdVHzLN9fVuo3eRxFOIFTqIIHV1CHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+R8/gCKMo1L</latexit><latexit sha1_base64="8I96tkwj/RW4eiH+RYu4CyLmEHs=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tFqJeSiKDHohePFe0HtKFstpt26WYTdidCCf0JXjwo4tVf5M1/47bNQVt fWHh4Z4adeYNECoOu++0U1tY3NreK26Wd3b39g/LhUcvEqWa8yWIZ605ADZdC8SYKlLyTaE6jQPJ2ML6d1dtPXBsRq0ecJNyP6FCJUDCK1nqoBuf9csWtuXORVfByqECuRr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdi4pG3PjZfNUpObPOgISxtk8hmbu/JzIaGTOJAtsZURyZ5drM/K/WTTG89jOhkhS5YouPwlQSjMnsbjIQmjOUEwuUaWF3JWxENWVo0yn ZELzlk1ehdVHzLN9fVuo3eRxFOIFTqIIHV1CHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+R8/gCKMo1L</latexit>
(c)
<latexit sha1_base64="+drzaGTNR+rF8ButYp4pDNYpm0w=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tFqJeSiKDHohePFe0HtKFstpt26WYTdidCCf0JXjwo4tVf5M1/47bNQVt fWHh4Z4adeYNECoOu++0U1tY3NreK26Wd3b39g/LhUcvEqWa8yWIZ605ADZdC8SYKlLyTaE6jQPJ2ML6d1dtPXBsRq0ecJNyP6FCJUDCK1nqosvN+ueLW3LnIKng5VCBXo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKuRUUjbvxsvuqUnFlnQMJY26eQzN3fExmNjJlEge2MKI7Mcm1m/lfrphhe+5lQSYpcscVHYSoJxmR2NxkIzRnKiQXKtLC7EjaimjK06ZR sCN7yyavQuqh5lu8vK/WbPI4inMApVMGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3I+fwCLt41M</latexit><latexit sha1_base64="+drzaGTNR+rF8ButYp4pDNYpm0w=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tFqJeSiKDHohePFe0HtKFstpt26WYTdidCCf0JXjwo4tVf5M1/47bNQVt fWHh4Z4adeYNECoOu++0U1tY3NreK26Wd3b39g/LhUcvEqWa8yWIZ605ADZdC8SYKlLyTaE6jQPJ2ML6d1dtPXBsRq0ecJNyP6FCJUDCK1nqosvN+ueLW3LnIKng5VCBXo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKuRUUjbvxsvuqUnFlnQMJY26eQzN3fExmNjJlEge2MKI7Mcm1m/lfrphhe+5lQSYpcscVHYSoJxmR2NxkIzRnKiQXKtLC7EjaimjK06ZR sCN7yyavQuqh5lu8vK/WbPI4inMApVMGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3I+fwCLt41M</latexit><latexit sha1_base64="+drzaGTNR+rF8ButYp4pDNYpm0w=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tFqJeSiKDHohePFe0HtKFstpt26WYTdidCCf0JXjwo4tVf5M1/47bNQVt fWHh4Z4adeYNECoOu++0U1tY3NreK26Wd3b39g/LhUcvEqWa8yWIZ605ADZdC8SYKlLyTaE6jQPJ2ML6d1dtPXBsRq0ecJNyP6FCJUDCK1nqosvN+ueLW3LnIKng5VCBXo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKuRUUjbvxsvuqUnFlnQMJY26eQzN3fExmNjJlEge2MKI7Mcm1m/lfrphhe+5lQSYpcscVHYSoJxmR2NxkIzRnKiQXKtLC7EjaimjK06ZR sCN7yyavQuqh5lu8vK/WbPI4inMApVMGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3I+fwCLt41M</latexit><latexit sha1_base64="+drzaGTNR+rF8ButYp4pDNYpm0w=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tFqJeSiKDHohePFe0HtKFstpt26WYTdidCCf0JXjwo4tVf5M1/47bNQVt fWHh4Z4adeYNECoOu++0U1tY3NreK26Wd3b39g/LhUcvEqWa8yWIZ605ADZdC8SYKlLyTaE6jQPJ2ML6d1dtPXBsRq0ecJNyP6FCJUDCK1nqosvN+ueLW3LnIKng5VCBXo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKuRUUjbvxsvuqUnFlnQMJY26eQzN3fExmNjJlEge2MKI7Mcm1m/lfrphhe+5lQSYpcscVHYSoJxmR2NxkIzRnKiQXKtLC7EjaimjK06ZR sCN7yyavQuqh5lu8vK/WbPI4inMApVMGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3I+fwCLt41M</latexit>
(a)
<latexit sha1_base64="BKGr7biD8bs6vR07uqIRaFmeSsY=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tFqJeSiKDHohePFe0HtKFstpt26WYTdidCCf0JXjwo4tVf5M1/47bNQ VtfWHh4Z4adeYNECoOu++0U1tY3NreK26Wd3b39g/LhUcvEqWa8yWIZ605ADZdC8SYKlLyTaE6jQPJ2ML6d1dtPXBsRq0ecJNyP6FCJUDCK1nqo0vN+ueLW3LnIKng5VCBXo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKuRUUjbvxsvuqUnFlnQMJY26eQzN3fExmNjJlEge2MKI7Mcm1m/lfrphhe+5lQSYpcscVHYSoJxmR2NxkIzRnKiQXKtLC7Ejaim jK06ZRsCN7yyavQuqh5lu8vK/WbPI4inMApVMGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3I+fwCIrY1K</latexit><latexit sha1_base64="BKGr7biD8bs6vR07uqIRaFmeSsY=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tFqJeSiKDHohePFe0HtKFstpt26WYTdidCCf0JXjwo4tVf5M1/47bNQ VtfWHh4Z4adeYNECoOu++0U1tY3NreK26Wd3b39g/LhUcvEqWa8yWIZ605ADZdC8SYKlLyTaE6jQPJ2ML6d1dtPXBsRq0ecJNyP6FCJUDCK1nqo0vN+ueLW3LnIKng5VCBXo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKuRUUjbvxsvuqUnFlnQMJY26eQzN3fExmNjJlEge2MKI7Mcm1m/lfrphhe+5lQSYpcscVHYSoJxmR2NxkIzRnKiQXKtLC7Ejaim jK06ZRsCN7yyavQuqh5lu8vK/WbPI4inMApVMGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3I+fwCIrY1K</latexit><latexit sha1_base64="BKGr7biD8bs6vR07uqIRaFmeSsY=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tFqJeSiKDHohePFe0HtKFstpt26WYTdidCCf0JXjwo4tVf5M1/47bNQ VtfWHh4Z4adeYNECoOu++0U1tY3NreK26Wd3b39g/LhUcvEqWa8yWIZ605ADZdC8SYKlLyTaE6jQPJ2ML6d1dtPXBsRq0ecJNyP6FCJUDCK1nqo0vN+ueLW3LnIKng5VCBXo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKuRUUjbvxsvuqUnFlnQMJY26eQzN3fExmNjJlEge2MKI7Mcm1m/lfrphhe+5lQSYpcscVHYSoJxmR2NxkIzRnKiQXKtLC7Ejaim jK06ZRsCN7yyavQuqh5lu8vK/WbPI4inMApVMGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3I+fwCIrY1K</latexit><latexit sha1_base64="BKGr7biD8bs6vR07uqIRaFmeSsY=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tFqJeSiKDHohePFe0HtKFstpt26WYTdidCCf0JXjwo4tVf5M1/47bNQ VtfWHh4Z4adeYNECoOu++0U1tY3NreK26Wd3b39g/LhUcvEqWa8yWIZ605ADZdC8SYKlLyTaE6jQPJ2ML6d1dtPXBsRq0ecJNyP6FCJUDCK1nqo0vN+ueLW3LnIKng5VCBXo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKuRUUjbvxsvuqUnFlnQMJY26eQzN3fExmNjJlEge2MKI7Mcm1m/lfrphhe+5lQSYpcscVHYSoJxmR2NxkIzRnKiQXKtLC7Ejaim jK06ZRsCN7yyavQuqh5lu8vK/WbPI4inMApVMGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3I+fwCIrY1K</latexit>
J˜i, G˜i
<latexit sha1_base64="n3vO7NzbQ+7fPbT4iFnIrjtc2Zc=">AAACBXicbZDLSsNAFIZP6q3WW9SlLgaL4EJKIoIuC10orirYC7QhTCaTdujkwsxEKKEgbnwVNy4Uces7uPNtnKZZaOsPA9/5zx lmzu8lnEllWd9GaWl5ZXWtvF7Z2Nza3jF399oyTgWhLRLzWHQ9LClnEW0ppjjtJoLi0OO0440a037nngrJ4uhOjRPqhHgQsYARrLTlmod9xbhPs5uJm7HJKSrKq7x0zapVs3KhRbALqEKhpmt+9f2YpCGNFOFYyp5tJcrJsFCMcDqp9FNJE0xGeEB7GiMcUulk+RYTdKwdHwWx0CdSKHd/38hwKOU49PRkiNVQzvem5n+9XqqCSydjUZIqGpHZQ0HKkYrRNBLkM0GJ4mMNmAim/4rIEAtMlA6uokOw51deh PZZzdZ8e16tNx5mcZThAI7gBGy4gDpcQxNaQOARnuEV3own48V4Nz5moyWjiHAf/sj4/AE3Y5lt</latexit><latexit sha1_base64="n3vO7NzbQ+7fPbT4iFnIrjtc2Zc=">AAACBXicbZDLSsNAFIZP6q3WW9SlLgaL4EJKIoIuC10orirYC7QhTCaTdujkwsxEKKEgbnwVNy4Uces7uPNtnKZZaOsPA9/5zx lmzu8lnEllWd9GaWl5ZXWtvF7Z2Nza3jF399oyTgWhLRLzWHQ9LClnEW0ppjjtJoLi0OO0440a037nngrJ4uhOjRPqhHgQsYARrLTlmod9xbhPs5uJm7HJKSrKq7x0zapVs3KhRbALqEKhpmt+9f2YpCGNFOFYyp5tJcrJsFCMcDqp9FNJE0xGeEB7GiMcUulk+RYTdKwdHwWx0CdSKHd/38hwKOU49PRkiNVQzvem5n+9XqqCSydjUZIqGpHZQ0HKkYrRNBLkM0GJ4mMNmAim/4rIEAtMlA6uokOw51deh PZZzdZ8e16tNx5mcZThAI7gBGy4gDpcQxNaQOARnuEV3own48V4Nz5moyWjiHAf/sj4/AE3Y5lt</latexit><latexit sha1_base64="n3vO7NzbQ+7fPbT4iFnIrjtc2Zc=">AAACBXicbZDLSsNAFIZP6q3WW9SlLgaL4EJKIoIuC10orirYC7QhTCaTdujkwsxEKKEgbnwVNy4Uces7uPNtnKZZaOsPA9/5zx lmzu8lnEllWd9GaWl5ZXWtvF7Z2Nza3jF399oyTgWhLRLzWHQ9LClnEW0ppjjtJoLi0OO0440a037nngrJ4uhOjRPqhHgQsYARrLTlmod9xbhPs5uJm7HJKSrKq7x0zapVs3KhRbALqEKhpmt+9f2YpCGNFOFYyp5tJcrJsFCMcDqp9FNJE0xGeEB7GiMcUulk+RYTdKwdHwWx0CdSKHd/38hwKOU49PRkiNVQzvem5n+9XqqCSydjUZIqGpHZQ0HKkYrRNBLkM0GJ4mMNmAim/4rIEAtMlA6uokOw51deh PZZzdZ8e16tNx5mcZThAI7gBGy4gDpcQxNaQOARnuEV3own48V4Nz5moyWjiHAf/sj4/AE3Y5lt</latexit><latexit sha1_base64="n3vO7NzbQ+7fPbT4iFnIrjtc2Zc=">AAACBXicbZDLSsNAFIZP6q3WW9SlLgaL4EJKIoIuC10orirYC7QhTCaTdujkwsxEKKEgbnwVNy4Uces7uPNtnKZZaOsPA9/5zx lmzu8lnEllWd9GaWl5ZXWtvF7Z2Nza3jF399oyTgWhLRLzWHQ9LClnEW0ppjjtJoLi0OO0440a037nngrJ4uhOjRPqhHgQsYARrLTlmod9xbhPs5uJm7HJKSrKq7x0zapVs3KhRbALqEKhpmt+9f2YpCGNFOFYyp5tJcrJsFCMcDqp9FNJE0xGeEB7GiMcUulk+RYTdKwdHwWx0CdSKHd/38hwKOU49PRkiNVQzvem5n+9XqqCSydjUZIqGpHZQ0HKkYrRNBLkM0GJ4mMNmAim/4rIEAtMlA6uokOw51deh PZZzdZ8e16tNx5mcZThAI7gBGy4gDpcQxNaQOARnuEV3own48V4Nz5moyWjiHAf/sj4/AE3Y5lt</latexit>
Ji, Gi
<latexit sha1_base64="opiDVJ9TtK5YTJm+lfkaFml6Gak=">AAAB83icbZDLSgMxFIbPeK31VnXpJlgEF1JmRNBloQvFVQV7gXYomTTThmYyQ3JGKEPBp3DjQhG3vow738ZM24W2Hgj5+P 9zyMkfJFIYdN1vZ2V1bX1js7BV3N7Z3dsvHRw2TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjWu63Hrk2IlYPOE64H9GBEqFgFK3UvetlYnJObvKrVyq7FXdaZBm8OZRhXvVe6avbj1kacYVMUmM6npugn1GNgkk+KXZTwxPKRnTAOxYVjbjxs+nOE3JqlT4JY22PQjJVf09kNDJmHAW2M6I4NIteLv7ndVIMr/1MqCRFrtjsoTCVBGOSB0D6QnOGcmyBMi3sroQNqaYMbUxFG4K3+OVlaF5UP Mv3l+Vq7WkWRwGO4QTOwIMrqMIt1KEBDBJ4hld4c1LnxXl3PmatK848wiP4U87nD6F4kdA=</latexit><latexit sha1_base64="opiDVJ9TtK5YTJm+lfkaFml6Gak=">AAAB83icbZDLSgMxFIbPeK31VnXpJlgEF1JmRNBloQvFVQV7gXYomTTThmYyQ3JGKEPBp3DjQhG3vow738ZM24W2Hgj5+P 9zyMkfJFIYdN1vZ2V1bX1js7BV3N7Z3dsvHRw2TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjWu63Hrk2IlYPOE64H9GBEqFgFK3UvetlYnJObvKrVyq7FXdaZBm8OZRhXvVe6avbj1kacYVMUmM6npugn1GNgkk+KXZTwxPKRnTAOxYVjbjxs+nOE3JqlT4JY22PQjJVf09kNDJmHAW2M6I4NIteLv7ndVIMr/1MqCRFrtjsoTCVBGOSB0D6QnOGcmyBMi3sroQNqaYMbUxFG4K3+OVlaF5UP Mv3l+Vq7WkWRwGO4QTOwIMrqMIt1KEBDBJ4hld4c1LnxXl3PmatK848wiP4U87nD6F4kdA=</latexit><latexit sha1_base64="opiDVJ9TtK5YTJm+lfkaFml6Gak=">AAAB83icbZDLSgMxFIbPeK31VnXpJlgEF1JmRNBloQvFVQV7gXYomTTThmYyQ3JGKEPBp3DjQhG3vow738ZM24W2Hgj5+P 9zyMkfJFIYdN1vZ2V1bX1js7BV3N7Z3dsvHRw2TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjWu63Hrk2IlYPOE64H9GBEqFgFK3UvetlYnJObvKrVyq7FXdaZBm8OZRhXvVe6avbj1kacYVMUmM6npugn1GNgkk+KXZTwxPKRnTAOxYVjbjxs+nOE3JqlT4JY22PQjJVf09kNDJmHAW2M6I4NIteLv7ndVIMr/1MqCRFrtjsoTCVBGOSB0D6QnOGcmyBMi3sroQNqaYMbUxFG4K3+OVlaF5UP Mv3l+Vq7WkWRwGO4QTOwIMrqMIt1KEBDBJ4hld4c1LnxXl3PmatK848wiP4U87nD6F4kdA=</latexit><latexit sha1_base64="opiDVJ9TtK5YTJm+lfkaFml6Gak=">AAAB83icbZDLSgMxFIbPeK31VnXpJlgEF1JmRNBloQvFVQV7gXYomTTThmYyQ3JGKEPBp3DjQhG3vow738ZM24W2Hgj5+P 9zyMkfJFIYdN1vZ2V1bX1js7BV3N7Z3dsvHRw2TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjWu63Hrk2IlYPOE64H9GBEqFgFK3UvetlYnJObvKrVyq7FXdaZBm8OZRhXvVe6avbj1kacYVMUmM6npugn1GNgkk+KXZTwxPKRnTAOxYVjbjxs+nOE3JqlT4JY22PQjJVf09kNDJmHAW2M6I4NIteLv7ndVIMr/1MqCRFrtjsoTCVBGOSB0D6QnOGcmyBMi3sroQNqaYMbUxFG4K3+OVlaF5UP Mv3l+Vq7WkWRwGO4QTOwIMrqMIt1KEBDBJ4hld4c1LnxXl3PmatK848wiP4U87nD6F4kdA=</latexit>
STOA,i+1
<latexit sha1_base64="enp2ex2UbBHEliKQXw+Oh7oEtaE=">AAAB+3icbZDLSsNAFIYn9VbrLdalm8EiCEpJRNBl1Y07K/YGbQiT6aQdOrkwcyItIa/ixoUibn0Rd76N0z YLbf1h4OM/53DO/F4suALL+jYKK6tr6xvFzdLW9s7unrlfbqkokZQ1aSQi2fGIYoKHrAkcBOvEkpHAE6ztjW6n9fYTk4pHYQMmMXMCMgi5zykBbblmuQdsDOlj4z5z0+szfmpnrlmxqtZMeBnsHCooV901v3r9iCYBC4EKolTXtmJwUiKBU8GyUi9RLCZ0RAasqzEkAVNOOrs9w8fa6WM/kvqFgGfu74mUBEpNAk93BgSGarE2Nf+rdRPwr5yUh3ECLKTzRX4i MER4GgTuc8koiIkGQiXXt2I6JJJQ0HGVdAj24peXoXVetTU/XFRqN3kcRXSIjtAJstElqqE7VEdNRNEYPaNX9GZkxovxbnzMWwtGPnOA/sj4/AFX/ZP3</latexit><latexit sha1_base64="enp2ex2UbBHEliKQXw+Oh7oEtaE=">AAAB+3icbZDLSsNAFIYn9VbrLdalm8EiCEpJRNBl1Y07K/YGbQiT6aQdOrkwcyItIa/ixoUibn0Rd76N0z YLbf1h4OM/53DO/F4suALL+jYKK6tr6xvFzdLW9s7unrlfbqkokZQ1aSQi2fGIYoKHrAkcBOvEkpHAE6ztjW6n9fYTk4pHYQMmMXMCMgi5zykBbblmuQdsDOlj4z5z0+szfmpnrlmxqtZMeBnsHCooV901v3r9iCYBC4EKolTXtmJwUiKBU8GyUi9RLCZ0RAasqzEkAVNOOrs9w8fa6WM/kvqFgGfu74mUBEpNAk93BgSGarE2Nf+rdRPwr5yUh3ECLKTzRX4i MER4GgTuc8koiIkGQiXXt2I6JJJQ0HGVdAj24peXoXVetTU/XFRqN3kcRXSIjtAJstElqqE7VEdNRNEYPaNX9GZkxovxbnzMWwtGPnOA/sj4/AFX/ZP3</latexit><latexit sha1_base64="enp2ex2UbBHEliKQXw+Oh7oEtaE=">AAAB+3icbZDLSsNAFIYn9VbrLdalm8EiCEpJRNBl1Y07K/YGbQiT6aQdOrkwcyItIa/ixoUibn0Rd76N0z YLbf1h4OM/53DO/F4suALL+jYKK6tr6xvFzdLW9s7unrlfbqkokZQ1aSQi2fGIYoKHrAkcBOvEkpHAE6ztjW6n9fYTk4pHYQMmMXMCMgi5zykBbblmuQdsDOlj4z5z0+szfmpnrlmxqtZMeBnsHCooV901v3r9iCYBC4EKolTXtmJwUiKBU8GyUi9RLCZ0RAasqzEkAVNOOrs9w8fa6WM/kvqFgGfu74mUBEpNAk93BgSGarE2Nf+rdRPwr5yUh3ECLKTzRX4i MER4GgTuc8koiIkGQiXXt2I6JJJQ0HGVdAj24peXoXVetTU/XFRqN3kcRXSIjtAJstElqqE7VEdNRNEYPaNX9GZkxovxbnzMWwtGPnOA/sj4/AFX/ZP3</latexit><latexit sha1_base64="enp2ex2UbBHEliKQXw+Oh7oEtaE=">AAAB+3icbZDLSsNAFIYn9VbrLdalm8EiCEpJRNBl1Y07K/YGbQiT6aQdOrkwcyItIa/ixoUibn0Rd76N0z YLbf1h4OM/53DO/F4suALL+jYKK6tr6xvFzdLW9s7unrlfbqkokZQ1aSQi2fGIYoKHrAkcBOvEkpHAE6ztjW6n9fYTk4pHYQMmMXMCMgi5zykBbblmuQdsDOlj4z5z0+szfmpnrlmxqtZMeBnsHCooV901v3r9iCYBC4EKolTXtmJwUiKBU8GyUi9RLCZ0RAasqzEkAVNOOrs9w8fa6WM/kvqFgGfu74mUBEpNAk93BgSGarE2Nf+rdRPwr5yUh3ECLKTzRX4i MER4GgTuc8koiIkGQiXXt2I6JJJQ0HGVdAj24peXoXVetTU/XFRqN3kcRXSIjtAJstElqqE7VEdNRNEYPaNX9GZkxovxbnzMWwtGPnOA/sj4/AFX/ZP3</latexit>
STOA,i
<latexit sha1_base64="jXeVx1osZocMiTP+3R4k+PYpF0E=">AAAB+XicbZDLSsNAFIYn9VbrLerSzWARXEhJRNBl1Y07K/YGbQiT6bQdOpmEmZNiCXkTNy4UceubuPNtnL ZZaOsPAx//OYdz5g9iwTU4zrdVWFldW98obpa2tnd29+z9g6aOEkVZg0YiUu2AaCa4ZA3gIFg7VoyEgWCtYHQ7rbfGTGkeyTpMYuaFZCB5n1MCxvJtuwvsCdLH+n3mp9dnPPPtslNxZsLL4OZQRrlqvv3V7UU0CZkEKojWHdeJwUuJAk4Fy0rdRLOY0BEZsI5BSUKmvXR2eYZPjNPD/UiZJwHP3N8TKQm1noSB6QwJDPVibWr+V+sk0L/yUi7jBJik80X9RGCI8D QG3OOKURATA4Qqbm7FdEgUoWDCKpkQ3MUvL0PzvOIafrgoV2/yOIroCB2jU+SiS1RFd6iGGoiiMXpGr+jNSq0X6936mLcWrHzmEP2R9fkDdjWThw==</latexit><latexit sha1_base64="jXeVx1osZocMiTP+3R4k+PYpF0E=">AAAB+XicbZDLSsNAFIYn9VbrLerSzWARXEhJRNBl1Y07K/YGbQiT6bQdOpmEmZNiCXkTNy4UceubuPNtnL ZZaOsPAx//OYdz5g9iwTU4zrdVWFldW98obpa2tnd29+z9g6aOEkVZg0YiUu2AaCa4ZA3gIFg7VoyEgWCtYHQ7rbfGTGkeyTpMYuaFZCB5n1MCxvJtuwvsCdLH+n3mp9dnPPPtslNxZsLL4OZQRrlqvv3V7UU0CZkEKojWHdeJwUuJAk4Fy0rdRLOY0BEZsI5BSUKmvXR2eYZPjNPD/UiZJwHP3N8TKQm1noSB6QwJDPVibWr+V+sk0L/yUi7jBJik80X9RGCI8D QG3OOKURATA4Qqbm7FdEgUoWDCKpkQ3MUvL0PzvOIafrgoV2/yOIroCB2jU+SiS1RFd6iGGoiiMXpGr+jNSq0X6936mLcWrHzmEP2R9fkDdjWThw==</latexit><latexit sha1_base64="jXeVx1osZocMiTP+3R4k+PYpF0E=">AAAB+XicbZDLSsNAFIYn9VbrLerSzWARXEhJRNBl1Y07K/YGbQiT6bQdOpmEmZNiCXkTNy4UceubuPNtnL ZZaOsPAx//OYdz5g9iwTU4zrdVWFldW98obpa2tnd29+z9g6aOEkVZg0YiUu2AaCa4ZA3gIFg7VoyEgWCtYHQ7rbfGTGkeyTpMYuaFZCB5n1MCxvJtuwvsCdLH+n3mp9dnPPPtslNxZsLL4OZQRrlqvv3V7UU0CZkEKojWHdeJwUuJAk4Fy0rdRLOY0BEZsI5BSUKmvXR2eYZPjNPD/UiZJwHP3N8TKQm1noSB6QwJDPVibWr+V+sk0L/yUi7jBJik80X9RGCI8D QG3OOKURATA4Qqbm7FdEgUoWDCKpkQ3MUvL0PzvOIafrgoV2/yOIroCB2jU+SiS1RFd6iGGoiiMXpGr+jNSq0X6936mLcWrHzmEP2R9fkDdjWThw==</latexit><latexit sha1_base64="jXeVx1osZocMiTP+3R4k+PYpF0E=">AAAB+XicbZDLSsNAFIYn9VbrLerSzWARXEhJRNBl1Y07K/YGbQiT6bQdOpmEmZNiCXkTNy4UceubuPNtnL ZZaOsPAx//OYdz5g9iwTU4zrdVWFldW98obpa2tnd29+z9g6aOEkVZg0YiUu2AaCa4ZA3gIFg7VoyEgWCtYHQ7rbfGTGkeyTpMYuaFZCB5n1MCxvJtuwvsCdLH+n3mp9dnPPPtslNxZsLL4OZQRrlqvv3V7UU0CZkEKojWHdeJwUuJAk4Fy0rdRLOY0BEZsI5BSUKmvXR2eYZPjNPD/UiZJwHP3N8TKQm1noSB6QwJDPVibWr+V+sk0L/yUi7jBJik80X9RGCI8D QG3OOKURATA4Qqbm7FdEgUoWDCKpkQ3MUvL0PzvOIafrgoV2/yOIroCB2jU+SiS1RFd6iGGoiiMXpGr+jNSq0X6936mLcWrHzmEP2R9fkDdjWThw==</latexit>
MS1,i
<latexit sha1_base64="Y0pNH+e9LYnhgx7FLK0YLmwdNHE=">AAAB+HicbZDLSsNAFIYnXmu9NOrSzWARXEhJRNBl0Y0boaK9QBvCZDpph04mYeZErCFP4saFIm59FHe+jdM2 C239YeDjP+dwzvxBIrgGx/m2lpZXVtfWSxvlza3tnYq9u9fScaooa9JYxKoTEM0El6wJHATrJIqRKBCsHYyuJvX2A1Oax/IexgnzIjKQPOSUgLF8u9ID9gjZzV3uZ+4Jz3276tScqfAiuAVUUaGGb3/1+jFNIyaBCqJ113US8DKigFPB8nIv1SwhdEQGrGtQkohpL5senuMj4/RxGCvzJOCp+3siI5HW4ygwnRGBoZ6vTcz/at0Uwgsv4zJJgUk6WxSmAkOMJyngPleM ghgbIFRxcyumQ6IIBZNV2YTgzn95EVqnNdfw7Vm1flnEUUIH6BAdIxedozq6Rg3URBSl6Bm9ojfryXqx3q2PWeuSVczsoz+yPn8AsJyTFw==</latexit><latexit sha1_base64="Y0pNH+e9LYnhgx7FLK0YLmwdNHE=">AAAB+HicbZDLSsNAFIYnXmu9NOrSzWARXEhJRNBl0Y0boaK9QBvCZDpph04mYeZErCFP4saFIm59FHe+jdM2 C239YeDjP+dwzvxBIrgGx/m2lpZXVtfWSxvlza3tnYq9u9fScaooa9JYxKoTEM0El6wJHATrJIqRKBCsHYyuJvX2A1Oax/IexgnzIjKQPOSUgLF8u9ID9gjZzV3uZ+4Jz3276tScqfAiuAVUUaGGb3/1+jFNIyaBCqJ113US8DKigFPB8nIv1SwhdEQGrGtQkohpL5senuMj4/RxGCvzJOCp+3siI5HW4ygwnRGBoZ6vTcz/at0Uwgsv4zJJgUk6WxSmAkOMJyngPleM ghgbIFRxcyumQ6IIBZNV2YTgzn95EVqnNdfw7Vm1flnEUUIH6BAdIxedozq6Rg3URBSl6Bm9ojfryXqx3q2PWeuSVczsoz+yPn8AsJyTFw==</latexit><latexit sha1_base64="Y0pNH+e9LYnhgx7FLK0YLmwdNHE=">AAAB+HicbZDLSsNAFIYnXmu9NOrSzWARXEhJRNBl0Y0boaK9QBvCZDpph04mYeZErCFP4saFIm59FHe+jdM2 C239YeDjP+dwzvxBIrgGx/m2lpZXVtfWSxvlza3tnYq9u9fScaooa9JYxKoTEM0El6wJHATrJIqRKBCsHYyuJvX2A1Oax/IexgnzIjKQPOSUgLF8u9ID9gjZzV3uZ+4Jz3276tScqfAiuAVUUaGGb3/1+jFNIyaBCqJ113US8DKigFPB8nIv1SwhdEQGrGtQkohpL5senuMj4/RxGCvzJOCp+3siI5HW4ygwnRGBoZ6vTcz/at0Uwgsv4zJJgUk6WxSmAkOMJyngPleM ghgbIFRxcyumQ6IIBZNV2YTgzn95EVqnNdfw7Vm1flnEUUIH6BAdIxedozq6Rg3URBSl6Bm9ojfryXqx3q2PWeuSVczsoz+yPn8AsJyTFw==</latexit><latexit sha1_base64="Y0pNH+e9LYnhgx7FLK0YLmwdNHE=">AAAB+HicbZDLSsNAFIYnXmu9NOrSzWARXEhJRNBl0Y0boaK9QBvCZDpph04mYeZErCFP4saFIm59FHe+jdM2 C239YeDjP+dwzvxBIrgGx/m2lpZXVtfWSxvlza3tnYq9u9fScaooa9JYxKoTEM0El6wJHATrJIqRKBCsHYyuJvX2A1Oax/IexgnzIjKQPOSUgLF8u9ID9gjZzV3uZ+4Jz3276tScqfAiuAVUUaGGb3/1+jFNIyaBCqJ113US8DKigFPB8nIv1SwhdEQGrGtQkohpL5senuMj4/RxGCvzJOCp+3siI5HW4ygwnRGBoZ6vTcz/at0Uwgsv4zJJgUk6WxSmAkOMJyngPleM ghgbIFRxcyumQ6IIBZNV2YTgzn95EVqnNdfw7Vm1flnEUUIH6BAdIxedozq6Rg3URBSl6Bm9ojfryXqx3q2PWeuSVczsoz+yPn8AsJyTFw==</latexit>
STOB,i
<latexit sha1_base64="bNl8bmCMVJ+0E3GMfaKgzirRVLU=">AAAB+XicbZDLSsNAFIYn9VbrLerSzWARXEhJRNBlqRt3VuwN2hAm02k7dDIJMyfFEvImblwo4tY3cefbOG2z 0NYfBj7+cw7nzB/EgmtwnG+rsLa+sblV3C7t7O7tH9iHRy0dJYqyJo1EpDoB0UxwyZrAQbBOrBgJA8Hawfh2Vm9PmNI8kg2YxswLyVDyAacEjOXbdg/YE6SPjfvMT2sXPPPtslNx5sKr4OZQRrnqvv3V60c0CZkEKojWXdeJwUuJAk4Fy0q9RLOY0DEZsq5BSUKmvXR+eYbPjNPHg0iZJwHP3d8TKQm1noaB6QwJjPRybWb+V+smMLjxUi7jBJiki0WDRGCI8CwG3O eKURBTA4Qqbm7FdEQUoWDCKpkQ3OUvr0LrsuIafrgqV2t5HEV0gk7ROXLRNaqiO1RHTUTRBD2jV/RmpdaL9W59LFoLVj5zjP7I+vwBd7yTiA==</latexit><latexit sha1_base64="bNl8bmCMVJ+0E3GMfaKgzirRVLU=">AAAB+XicbZDLSsNAFIYn9VbrLerSzWARXEhJRNBlqRt3VuwN2hAm02k7dDIJMyfFEvImblwo4tY3cefbOG2z 0NYfBj7+cw7nzB/EgmtwnG+rsLa+sblV3C7t7O7tH9iHRy0dJYqyJo1EpDoB0UxwyZrAQbBOrBgJA8Hawfh2Vm9PmNI8kg2YxswLyVDyAacEjOXbdg/YE6SPjfvMT2sXPPPtslNx5sKr4OZQRrnqvv3V60c0CZkEKojWXdeJwUuJAk4Fy0q9RLOY0DEZsq5BSUKmvXR+eYbPjNPHg0iZJwHP3d8TKQm1noaB6QwJjPRybWb+V+smMLjxUi7jBJiki0WDRGCI8CwG3O eKURBTA4Qqbm7FdEQUoWDCKpkQ3OUvr0LrsuIafrgqV2t5HEV0gk7ROXLRNaqiO1RHTUTRBD2jV/RmpdaL9W59LFoLVj5zjP7I+vwBd7yTiA==</latexit><latexit sha1_base64="bNl8bmCMVJ+0E3GMfaKgzirRVLU=">AAAB+XicbZDLSsNAFIYn9VbrLerSzWARXEhJRNBlqRt3VuwN2hAm02k7dDIJMyfFEvImblwo4tY3cefbOG2z 0NYfBj7+cw7nzB/EgmtwnG+rsLa+sblV3C7t7O7tH9iHRy0dJYqyJo1EpDoB0UxwyZrAQbBOrBgJA8Hawfh2Vm9PmNI8kg2YxswLyVDyAacEjOXbdg/YE6SPjfvMT2sXPPPtslNx5sKr4OZQRrnqvv3V60c0CZkEKojWXdeJwUuJAk4Fy0q9RLOY0DEZsq5BSUKmvXR+eYbPjNPHg0iZJwHP3d8TKQm1noaB6QwJjPRybWb+V+smMLjxUi7jBJiki0WDRGCI8CwG3O eKURBTA4Qqbm7FdEQUoWDCKpkQ3OUvr0LrsuIafrgqV2t5HEV0gk7ROXLRNaqiO1RHTUTRBD2jV/RmpdaL9W59LFoLVj5zjP7I+vwBd7yTiA==</latexit><latexit sha1_base64="bNl8bmCMVJ+0E3GMfaKgzirRVLU=">AAAB+XicbZDLSsNAFIYn9VbrLerSzWARXEhJRNBlqRt3VuwN2hAm02k7dDIJMyfFEvImblwo4tY3cefbOG2z 0NYfBj7+cw7nzB/EgmtwnG+rsLa+sblV3C7t7O7tH9iHRy0dJYqyJo1EpDoB0UxwyZrAQbBOrBgJA8Hawfh2Vm9PmNI8kg2YxswLyVDyAacEjOXbdg/YE6SPjfvMT2sXPPPtslNx5sKr4OZQRrnqvv3V60c0CZkEKojWXdeJwUuJAk4Fy0q9RLOY0DEZsq5BSUKmvXR+eYbPjNPHg0iZJwHP3d8TKQm1noaB6QwJjPRybWb+V+smMLjxUi7jBJiki0WDRGCI8CwG3O eKURBTA4Qqbm7FdEQUoWDCKpkQ3OUvr0LrsuIafrgqV2t5HEV0gk7ROXLRNaqiO1RHTUTRBD2jV/RmpdaL9W59LFoLVj5zjP7I+vwBd7yTiA==</latexit>
MS2,i
<latexit sha1_base64="tP850b+J78Y5jncsdtVAkj4X7CQ=">AAAB+HicbZDLSsNAFIYn9VbrpVWXbgaL4EJKUgRdFt24ESraC7QhTKaTduhkEmZOxBryJG5cKOLWR3Hn2zht s9DWHwY+/nMO58zvx4JrsO1vq7Cyura+UdwsbW3v7JYre/ttHSWKshaNRKS6PtFMcMlawEGwbqwYCX3BOv74alrvPDCleSTvYRIzNyRDyQNOCRjLq5T7wB4hvbnLvLR+yjOvUrVr9kx4GZwcqihX06t89QcRTUImgQqidc+xY3BTooBTwbJSP9EsJnRMhqxnUJKQaTedHZ7hY+MMcBAp8yTgmft7IiWh1pPQN50hgZFerE3N/2q9BIILN+UyToBJOl8UJAJDhKcp4AFX jIKYGCBUcXMrpiOiCAWTVcmE4Cx+eRna9Zpj+Pas2rjM4yiiQ3SETpCDzlEDXaMmaiGKEvSMXtGb9WS9WO/Wx7y1YOUzB+iPrM8fsiOTGA==</latexit><latexit sha1_base64="tP850b+J78Y5jncsdtVAkj4X7CQ=">AAAB+HicbZDLSsNAFIYn9VbrpVWXbgaL4EJKUgRdFt24ESraC7QhTKaTduhkEmZOxBryJG5cKOLWR3Hn2zht s9DWHwY+/nMO58zvx4JrsO1vq7Cyura+UdwsbW3v7JYre/ttHSWKshaNRKS6PtFMcMlawEGwbqwYCX3BOv74alrvPDCleSTvYRIzNyRDyQNOCRjLq5T7wB4hvbnLvLR+yjOvUrVr9kx4GZwcqihX06t89QcRTUImgQqidc+xY3BTooBTwbJSP9EsJnRMhqxnUJKQaTedHZ7hY+MMcBAp8yTgmft7IiWh1pPQN50hgZFerE3N/2q9BIILN+UyToBJOl8UJAJDhKcp4AFX jIKYGCBUcXMrpiOiCAWTVcmE4Cx+eRna9Zpj+Pas2rjM4yiiQ3SETpCDzlEDXaMmaiGKEvSMXtGb9WS9WO/Wx7y1YOUzB+iPrM8fsiOTGA==</latexit><latexit sha1_base64="tP850b+J78Y5jncsdtVAkj4X7CQ=">AAAB+HicbZDLSsNAFIYn9VbrpVWXbgaL4EJKUgRdFt24ESraC7QhTKaTduhkEmZOxBryJG5cKOLWR3Hn2zht s9DWHwY+/nMO58zvx4JrsO1vq7Cyura+UdwsbW3v7JYre/ttHSWKshaNRKS6PtFMcMlawEGwbqwYCX3BOv74alrvPDCleSTvYRIzNyRDyQNOCRjLq5T7wB4hvbnLvLR+yjOvUrVr9kx4GZwcqihX06t89QcRTUImgQqidc+xY3BTooBTwbJSP9EsJnRMhqxnUJKQaTedHZ7hY+MMcBAp8yTgmft7IiWh1pPQN50hgZFerE3N/2q9BIILN+UyToBJOl8UJAJDhKcp4AFX jIKYGCBUcXMrpiOiCAWTVcmE4Cx+eRna9Zpj+Pas2rjM4yiiQ3SETpCDzlEDXaMmaiGKEvSMXtGb9WS9WO/Wx7y1YOUzB+iPrM8fsiOTGA==</latexit><latexit sha1_base64="tP850b+J78Y5jncsdtVAkj4X7CQ=">AAAB+HicbZDLSsNAFIYn9VbrpVWXbgaL4EJKUgRdFt24ESraC7QhTKaTduhkEmZOxBryJG5cKOLWR3Hn2zht s9DWHwY+/nMO58zvx4JrsO1vq7Cyura+UdwsbW3v7JYre/ttHSWKshaNRKS6PtFMcMlawEGwbqwYCX3BOv74alrvPDCleSTvYRIzNyRDyQNOCRjLq5T7wB4hvbnLvLR+yjOvUrVr9kx4GZwcqihX06t89QcRTUImgQqidc+xY3BTooBTwbJSP9EsJnRMhqxnUJKQaTedHZ7hY+MMcBAp8yTgmft7IiWh1pPQN50hgZFerE3N/2q9BIILN+UyToBJOl8UJAJDhKcp4AFX jIKYGCBUcXMrpiOiCAWTVcmE4Cx+eRna9Zpj+Pas2rjM4yiiQ3SETpCDzlEDXaMmaiGKEvSMXtGb9WS9WO/Wx7y1YOUzB+iPrM8fsiOTGA==</latexit>
H0
<latexit sha1_base64="E9YT8rwT83G9IXdjW0ZoG2OjdYo=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuimy4r2Ae0Y8mkmTY0kwxJRinD/IcbF4q49V/c+Tdm2llo64HA4Zx7uSc niDnTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkoQttEcql6AdaUM0HbhhlOe7GiOAo47QbT29zvPlKlmRT3ZhZTP8JjwUJGsLHSwyDCZhKEaTMbpm42rNbcujsHWiVeQWpQoDWsfg1GkiQRFYZwrHXfc2Pjp1gZRjjNKoNE0xiTKR7TvqUCR1T76Tx1hs6sMkKhVPYJg+bq740UR1rPosBO5in1speL/3n9xITXfspEnBgqyOJQmHBkJMorQCOmKDF8ZgkmitmsiEywwsTYoiq2BG/5y6ukc1H3LL+ 7rDVuijrKcAKncA4eXEEDmtCCNhBQ8Ayv8OY8OS/Ou/OxGC05xc4x/IHz+QOrc5Kb</latexit><latexit sha1_base64="E9YT8rwT83G9IXdjW0ZoG2OjdYo=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuimy4r2Ae0Y8mkmTY0kwxJRinD/IcbF4q49V/c+Tdm2llo64HA4Zx7uSc niDnTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkoQttEcql6AdaUM0HbhhlOe7GiOAo47QbT29zvPlKlmRT3ZhZTP8JjwUJGsLHSwyDCZhKEaTMbpm42rNbcujsHWiVeQWpQoDWsfg1GkiQRFYZwrHXfc2Pjp1gZRjjNKoNE0xiTKR7TvqUCR1T76Tx1hs6sMkKhVPYJg+bq740UR1rPosBO5in1speL/3n9xITXfspEnBgqyOJQmHBkJMorQCOmKDF8ZgkmitmsiEywwsTYoiq2BG/5y6ukc1H3LL+ 7rDVuijrKcAKncA4eXEEDmtCCNhBQ8Ayv8OY8OS/Ou/OxGC05xc4x/IHz+QOrc5Kb</latexit><latexit sha1_base64="E9YT8rwT83G9IXdjW0ZoG2OjdYo=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuimy4r2Ae0Y8mkmTY0kwxJRinD/IcbF4q49V/c+Tdm2llo64HA4Zx7uSc niDnTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkoQttEcql6AdaUM0HbhhlOe7GiOAo47QbT29zvPlKlmRT3ZhZTP8JjwUJGsLHSwyDCZhKEaTMbpm42rNbcujsHWiVeQWpQoDWsfg1GkiQRFYZwrHXfc2Pjp1gZRjjNKoNE0xiTKR7TvqUCR1T76Tx1hs6sMkKhVPYJg+bq740UR1rPosBO5in1speL/3n9xITXfspEnBgqyOJQmHBkJMorQCOmKDF8ZgkmitmsiEywwsTYoiq2BG/5y6ukc1H3LL+ 7rDVuijrKcAKncA4eXEEDmtCCNhBQ8Ayv8OY8OS/Ou/OxGC05xc4x/IHz+QOrc5Kb</latexit><latexit sha1_base64="E9YT8rwT83G9IXdjW0ZoG2OjdYo=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuimy4r2Ae0Y8mkmTY0kwxJRinD/IcbF4q49V/c+Tdm2llo64HA4Zx7uSc niDnTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkoQttEcql6AdaUM0HbhhlOe7GiOAo47QbT29zvPlKlmRT3ZhZTP8JjwUJGsLHSwyDCZhKEaTMbpm42rNbcujsHWiVeQWpQoDWsfg1GkiQRFYZwrHXfc2Pjp1gZRjjNKoNE0xiTKR7TvqUCR1T76Tx1hs6sMkKhVPYJg+bq740UR1rPosBO5in1speL/3n9xITXfspEnBgqyOJQmHBkJMorQCOmKDF8ZgkmitmsiEywwsTYoiq2BG/5y6ukc1H3LL+ 7rDVuijrKcAKncA4eXEEDmtCCNhBQ8Ayv8OY8OS/Ou/OxGC05xc4x/IHz+QOrc5Kb</latexit>
xˆ
<latexit sha1_base64="Lm2SEGikl3Pp/AQmIMYSll2QfWc=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBFclUQEXRbduKxgH9CEMplO2qGTBzM3xRL6J25cKOLWP3Hn3zhps9DWAwOHc+7lnjlBKoVGx/m21tY3Nre2KzvV3b39g0P76Litk0wx3mKJTFQ3oJpLEfMWCpS8mypOo0DyTjC+K/zOhCstkvgRpyn3IzqMRSgYRSP1bdsbUcy9iOIoCPOn2axv15y6MwdZJW5JalCi2be/vEHCsojHy CTVuuc6Kfo5VSiY5LOql2meUjamQ94zNKYR134+Tz4j50YZkDBR5sVI5urvjZxGWk+jwEwWEfWyV4j/eb0Mwxs/F3GaIY/Z4lCYSYIJKWogA6E4Qzk1hDIlTFbCRlRRhqasqinBXf7yKmlf1l3DH65qjduyjgqcwhlcgAvX0IB7aEILGEzgGV7hzcqtF+vd+liMrlnlzgn8gfX5A1YHlBo=</latexit><latexit sha1_base64="Lm2SEGikl3Pp/AQmIMYSll2QfWc=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBFclUQEXRbduKxgH9CEMplO2qGTBzM3xRL6J25cKOLWP3Hn3zhps9DWAwOHc+7lnjlBKoVGx/m21tY3Nre2KzvV3b39g0P76Litk0wx3mKJTFQ3oJpLEfMWCpS8mypOo0DyTjC+K/zOhCstkvgRpyn3IzqMRSgYRSP1bdsbUcy9iOIoCPOn2axv15y6MwdZJW5JalCi2be/vEHCsojHy CTVuuc6Kfo5VSiY5LOql2meUjamQ94zNKYR134+Tz4j50YZkDBR5sVI5urvjZxGWk+jwEwWEfWyV4j/eb0Mwxs/F3GaIY/Z4lCYSYIJKWogA6E4Qzk1hDIlTFbCRlRRhqasqinBXf7yKmlf1l3DH65qjduyjgqcwhlcgAvX0IB7aEILGEzgGV7hzcqtF+vd+liMrlnlzgn8gfX5A1YHlBo=</latexit><latexit sha1_base64="Lm2SEGikl3Pp/AQmIMYSll2QfWc=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBFclUQEXRbduKxgH9CEMplO2qGTBzM3xRL6J25cKOLWP3Hn3zhps9DWAwOHc+7lnjlBKoVGx/m21tY3Nre2KzvV3b39g0P76Litk0wx3mKJTFQ3oJpLEfMWCpS8mypOo0DyTjC+K/zOhCstkvgRpyn3IzqMRSgYRSP1bdsbUcy9iOIoCPOn2axv15y6MwdZJW5JalCi2be/vEHCsojHy CTVuuc6Kfo5VSiY5LOql2meUjamQ94zNKYR134+Tz4j50YZkDBR5sVI5urvjZxGWk+jwEwWEfWyV4j/eb0Mwxs/F3GaIY/Z4lCYSYIJKWogA6E4Qzk1hDIlTFbCRlRRhqasqinBXf7yKmlf1l3DH65qjduyjgqcwhlcgAvX0IB7aEILGEzgGV7hzcqtF+vd+liMrlnlzgn8gfX5A1YHlBo=</latexit><latexit sha1_base64="Lm2SEGikl3Pp/AQmIMYSll2QfWc=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBFclUQEXRbduKxgH9CEMplO2qGTBzM3xRL6J25cKOLWP3Hn3zhps9DWAwOHc+7lnjlBKoVGx/m21tY3Nre2KzvV3b39g0P76Litk0wx3mKJTFQ3oJpLEfMWCpS8mypOo0DyTjC+K/zOhCstkvgRpyn3IzqMRSgYRSP1bdsbUcy9iOIoCPOn2axv15y6MwdZJW5JalCi2be/vEHCsojHy CTVuuc6Kfo5VSiY5LOql2meUjamQ94zNKYR134+Tz4j50YZkDBR5sVI5urvjZxGWk+jwEwWEfWyV4j/eb0Mwxs/F3GaIY/Z4lCYSYIJKWogA6E4Qzk1hDIlTFbCRlRRhqasqinBXf7yKmlf1l3DH65qjduyjgqcwhlcgAvX0IB7aEILGEzgGV7hzcqtF+vd+liMrlnlzgn8gfX5A1YHlBo=</latexit>
yˆ
<latexit sha1_base64="el5OXA7xw+dce9VIUhM5qP3D2x4=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiQi6LLoxmUF+4AmlMl00g6dTMLMpBBC/sSNC0Xc+ifu/BsnbRbaemDgcM693DMnSDhT2nG+rdrG5tb2Tn23sbd/cHhkH5/0VJxKQrsk5rEcBFhRzgTtaqY5HSSS4ijgtB/M7ku/P6dSsVg86SyhfoQngoWMYG2kkW17U6xzL8J6GoR5VhQju+m0nAXQOnEr0oQ KnZH95Y1jkkZUaMKxUkPXSbSfY6kZ4bRoeKmiCSYzPKFDQwWOqPLzRfICXRhljMJYmic0Wqi/N3IcKZVFgZksI6pVrxT/84apDm/9nIkk1VSQ5aEw5UjHqKwBjZmkRPPMEEwkM1kRmWKJiTZlNUwJ7uqX10nvquUa/njdbN9VddThDM7hEly4gTY8QAe6QGAOz/AKb1ZuvVjv1sdytGZVO6fwB9bnD1eNlBs=</latexit><latexit sha1_base64="el5OXA7xw+dce9VIUhM5qP3D2x4=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiQi6LLoxmUF+4AmlMl00g6dTMLMpBBC/sSNC0Xc+ifu/BsnbRbaemDgcM693DMnSDhT2nG+rdrG5tb2Tn23sbd/cHhkH5/0VJxKQrsk5rEcBFhRzgTtaqY5HSSS4ijgtB/M7ku/P6dSsVg86SyhfoQngoWMYG2kkW17U6xzL8J6GoR5VhQju+m0nAXQOnEr0oQ KnZH95Y1jkkZUaMKxUkPXSbSfY6kZ4bRoeKmiCSYzPKFDQwWOqPLzRfICXRhljMJYmic0Wqi/N3IcKZVFgZksI6pVrxT/84apDm/9nIkk1VSQ5aEw5UjHqKwBjZmkRPPMEEwkM1kRmWKJiTZlNUwJ7uqX10nvquUa/njdbN9VddThDM7hEly4gTY8QAe6QGAOz/AKb1ZuvVjv1sdytGZVO6fwB9bnD1eNlBs=</latexit><latexit sha1_base64="el5OXA7xw+dce9VIUhM5qP3D2x4=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiQi6LLoxmUF+4AmlMl00g6dTMLMpBBC/sSNC0Xc+ifu/BsnbRbaemDgcM693DMnSDhT2nG+rdrG5tb2Tn23sbd/cHhkH5/0VJxKQrsk5rEcBFhRzgTtaqY5HSSS4ijgtB/M7ku/P6dSsVg86SyhfoQngoWMYG2kkW17U6xzL8J6GoR5VhQju+m0nAXQOnEr0oQ KnZH95Y1jkkZUaMKxUkPXSbSfY6kZ4bRoeKmiCSYzPKFDQwWOqPLzRfICXRhljMJYmic0Wqi/N3IcKZVFgZksI6pVrxT/84apDm/9nIkk1VSQ5aEw5UjHqKwBjZmkRPPMEEwkM1kRmWKJiTZlNUwJ7uqX10nvquUa/njdbN9VddThDM7hEly4gTY8QAe6QGAOz/AKb1ZuvVjv1sdytGZVO6fwB9bnD1eNlBs=</latexit><latexit sha1_base64="el5OXA7xw+dce9VIUhM5qP3D2x4=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiQi6LLoxmUF+4AmlMl00g6dTMLMpBBC/sSNC0Xc+ifu/BsnbRbaemDgcM693DMnSDhT2nG+rdrG5tb2Tn23sbd/cHhkH5/0VJxKQrsk5rEcBFhRzgTtaqY5HSSS4ijgtB/M7ku/P6dSsVg86SyhfoQngoWMYG2kkW17U6xzL8J6GoR5VhQju+m0nAXQOnEr0oQ KnZH95Y1jkkZUaMKxUkPXSbSfY6kZ4bRoeKmiCSYzPKFDQwWOqPLzRfICXRhljMJYmic0Wqi/N3IcKZVFgZksI6pVrxT/84apDm/9nIkk1VSQ5aEw5UjHqKwBjZmkRPPMEEwkM1kRmWKJiTZlNUwJ7uqX10nvquUa/njdbN9VddThDM7hEly4gTY8QAe6QGAOz/AKb1ZuvVjv1sdytGZVO6fwB9bnD1eNlBs=</latexit>
zˆ
<latexit sha1_base64="Ngr/yORgulw4sQVYa3zdPHT018M=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBFclUQEXRbduKxgH9CEMplO2qGTBzM3hRr6J25c KOLWP3Hn3zhps9DWAwOHc+7lnjlBKoVGx/m21tY3Nre2KzvV3b39g0P76Litk0wx3mKJTFQ3oJpLEfMWCpS8mypOo0DyTjC+K/zOhCstkvgRpyn3IzqMRSgYRSP1bdsbUcy9iOIoCPOn2axv15y6MwdZJW5JalCi2be/vEHCsojHyCTVuuc6Kfo5VSiY5LOql2meUjamQ94zNKYR134+Tz4j50YZkDBR5sVI5urvjZxGWk+ jwEwWEfWyV4j/eb0Mwxs/F3GaIY/Z4lCYSYIJKWogA6E4Qzk1hDIlTFbCRlRRhqasqinBXf7yKmlf1l3DH65qjduyjgqcwhlcgAvX0IB7aEILGEzgGV7hzcqtF+vd+liMrlnlzgn8gfX5A1kTlBw=</latexit><latexit sha1_base64="Ngr/yORgulw4sQVYa3zdPHT018M=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBFclUQEXRbduKxgH9CEMplO2qGTBzM3hRr6J25c KOLWP3Hn3zhps9DWAwOHc+7lnjlBKoVGx/m21tY3Nre2KzvV3b39g0P76Litk0wx3mKJTFQ3oJpLEfMWCpS8mypOo0DyTjC+K/zOhCstkvgRpyn3IzqMRSgYRSP1bdsbUcy9iOIoCPOn2axv15y6MwdZJW5JalCi2be/vEHCsojHyCTVuuc6Kfo5VSiY5LOql2meUjamQ94zNKYR134+Tz4j50YZkDBR5sVI5urvjZxGWk+ jwEwWEfWyV4j/eb0Mwxs/F3GaIY/Z4lCYSYIJKWogA6E4Qzk1hDIlTFbCRlRRhqasqinBXf7yKmlf1l3DH65qjduyjgqcwhlcgAvX0IB7aEILGEzgGV7hzcqtF+vd+liMrlnlzgn8gfX5A1kTlBw=</latexit><latexit sha1_base64="Ngr/yORgulw4sQVYa3zdPHT018M=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBFclUQEXRbduKxgH9CEMplO2qGTBzM3hRr6J25c KOLWP3Hn3zhps9DWAwOHc+7lnjlBKoVGx/m21tY3Nre2KzvV3b39g0P76Litk0wx3mKJTFQ3oJpLEfMWCpS8mypOo0DyTjC+K/zOhCstkvgRpyn3IzqMRSgYRSP1bdsbUcy9iOIoCPOn2axv15y6MwdZJW5JalCi2be/vEHCsojHyCTVuuc6Kfo5VSiY5LOql2meUjamQ94zNKYR134+Tz4j50YZkDBR5sVI5urvjZxGWk+ jwEwWEfWyV4j/eb0Mwxs/F3GaIY/Z4lCYSYIJKWogA6E4Qzk1hDIlTFbCRlRRhqasqinBXf7yKmlf1l3DH65qjduyjgqcwhlcgAvX0IB7aEILGEzgGV7hzcqtF+vd+liMrlnlzgn8gfX5A1kTlBw=</latexit><latexit sha1_base64="Ngr/yORgulw4sQVYa3zdPHT018M=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBFclUQEXRbduKxgH9CEMplO2qGTBzM3hRr6J25c KOLWP3Hn3zhps9DWAwOHc+7lnjlBKoVGx/m21tY3Nre2KzvV3b39g0P76Litk0wx3mKJTFQ3oJpLEfMWCpS8mypOo0DyTjC+K/zOhCstkvgRpyn3IzqMRSgYRSP1bdsbUcy9iOIoCPOn2axv15y6MwdZJW5JalCi2be/vEHCsojHyCTVuuc6Kfo5VSiY5LOql2meUjamQ94zNKYR134+Tz4j50YZkDBR5sVI5urvjZxGWk+ jwEwWEfWyV4j/eb0Mwxs/F3GaIY/Z4lCYSYIJKWogA6E4Qzk1hDIlTFbCRlRRhqasqinBXf7yKmlf1l3DH65qjduyjgqcwhlcgAvX0IB7aEILGEzgGV7hzcqtF+vd+liMrlnlzgn8gfX5A1kTlBw=</latexit>
free layer
<latexit sha1_base64="62TYM1BpxwjFv8UCziI9m1QAH5E=">AAAB+nicbZDLSsNAFIYnXmu9pbp0M1gEVyURQZdFNy4r2Au0oUymJ+3QyYWZEzXEPoobF4q49Unc+TZO2yy09YeBj/+cwznz+4kUGh3n21pZXVvf2Cxtlbd3dvf27cpBS8ep4tDksYxVx2capIigiQIldBIFLPQltP3x9bTevgelRRzdYZaAF7JhJALBGRqrb1d6CI+YBwqASpaBmvTtqlNzZqLL4BZQJYUaffurN4h5GkKEXDKtu66ToJczhYJLmJR7qYaE8 TEbQtdgxELQXj47fUJPjDOgQazMi5DO3N8TOQu1zkLfdIYMR3qxNjX/q3VTDC69XERJihDx+aIglRRjOs2BDoQCjjIzwLgS5lbKR0wxjiatsgnBXfzyMrTOaq7h2/Nq/aqIo0SOyDE5JS65IHVyQxqkSTh5IM/klbxZT9aL9W59zFtXrGLmkPyR9fkDv/SUTQ==</latexit><latexit sha1_base64="62TYM1BpxwjFv8UCziI9m1QAH5E=">AAAB+nicbZDLSsNAFIYnXmu9pbp0M1gEVyURQZdFNy4r2Au0oUymJ+3QyYWZEzXEPoobF4q49Unc+TZO2yy09YeBj/+cwznz+4kUGh3n21pZXVvf2Cxtlbd3dvf27cpBS8ep4tDksYxVx2capIigiQIldBIFLPQltP3x9bTevgelRRzdYZaAF7JhJALBGRqrb1d6CI+YBwqASpaBmvTtqlNzZqLL4BZQJYUaffurN4h5GkKEXDKtu66ToJczhYJLmJR7qYaE8 TEbQtdgxELQXj47fUJPjDOgQazMi5DO3N8TOQu1zkLfdIYMR3qxNjX/q3VTDC69XERJihDx+aIglRRjOs2BDoQCjjIzwLgS5lbKR0wxjiatsgnBXfzyMrTOaq7h2/Nq/aqIo0SOyDE5JS65IHVyQxqkSTh5IM/klbxZT9aL9W59zFtXrGLmkPyR9fkDv/SUTQ==</latexit><latexit sha1_base64="62TYM1BpxwjFv8UCziI9m1QAH5E=">AAAB+nicbZDLSsNAFIYnXmu9pbp0M1gEVyURQZdFNy4r2Au0oUymJ+3QyYWZEzXEPoobF4q49Unc+TZO2yy09YeBj/+cwznz+4kUGh3n21pZXVvf2Cxtlbd3dvf27cpBS8ep4tDksYxVx2capIigiQIldBIFLPQltP3x9bTevgelRRzdYZaAF7JhJALBGRqrb1d6CI+YBwqASpaBmvTtqlNzZqLL4BZQJYUaffurN4h5GkKEXDKtu66ToJczhYJLmJR7qYaE8 TEbQtdgxELQXj47fUJPjDOgQazMi5DO3N8TOQu1zkLfdIYMR3qxNjX/q3VTDC69XERJihDx+aIglRRjOs2BDoQCjjIzwLgS5lbKR0wxjiatsgnBXfzyMrTOaq7h2/Nq/aqIo0SOyDE5JS65IHVyQxqkSTh5IM/klbxZT9aL9W59zFtXrGLmkPyR9fkDv/SUTQ==</latexit><latexit sha1_base64="62TYM1BpxwjFv8UCziI9m1QAH5E=">AAAB+nicbZDLSsNAFIYnXmu9pbp0M1gEVyURQZdFNy4r2Au0oUymJ+3QyYWZEzXEPoobF4q49Unc+TZO2yy09YeBj/+cwznz+4kUGh3n21pZXVvf2Cxtlbd3dvf27cpBS8ep4tDksYxVx2capIigiQIldBIFLPQltP3x9bTevgelRRzdYZaAF7JhJALBGRqrb1d6CI+YBwqASpaBmvTtqlNzZqLL4BZQJYUaffurN4h5GkKEXDKtu66ToJczhYJLmJR7qYaE8 TEbQtdgxELQXj47fUJPjDOgQazMi5DO3N8TOQu1zkLfdIYMR3qxNjX/q3VTDC69XERJihDx+aIglRRjOs2BDoQCjjIzwLgS5lbKR0wxjiatsgnBXfzyMrTOaq7h2/Nq/aqIo0SOyDE5JS65IHVyQxqkSTh5IM/klbxZT9aL9W59zFtXrGLmkPyR9fkDv/SUTQ==</latexit>
fixed layer
<latexit sha1_base64="Usjvp/PSeaMIrOrW1FlCHjKtW9g=">AAAB+3icbZDLSsNAFIYn9Vbrrdalm8EiuCqJCLosunFZwV6gLWUyPWmHTiZh5kQaQl7FjQtF3Poi7nwbp5eFtv4w8PGfczhnfj+WwqDrfjuFjc2t7Z3ibmlv/+DwqHxcaZko0RyaPJKR7vjMgBQKmihQQifWwEJfQtuf3M3q7SfQRkTqEdMY+iEbKREIztBag3KlhzDFLBBTGFLJUtD5oFx1a+5cdB28JVTJUo1B+as3jHgSgkIumTFdz42xnzGNgkv IS73EQMz4hI2ga1GxEEw/m9+e03PrDGkQafsU0rn7eyJjoTFp6NvOkOHYrNZm5n+1boLBTT8TKk4QFF8sChJJMaKzIOhQaOAoUwuMa2FvpXzMNONo4yrZELzVL69D67LmWX64qtZvl3EUySk5IxfEI9ekTu5JgzQJJ1PyTF7Jm5M7L86787FoLTjLmRPyR87nD5MplMU=</latexit><latexit sha1_base64="Usjvp/PSeaMIrOrW1FlCHjKtW9g=">AAAB+3icbZDLSsNAFIYn9Vbrrdalm8EiuCqJCLosunFZwV6gLWUyPWmHTiZh5kQaQl7FjQtF3Poi7nwbp5eFtv4w8PGfczhnfj+WwqDrfjuFjc2t7Z3ibmlv/+DwqHxcaZko0RyaPJKR7vjMgBQKmihQQifWwEJfQtuf3M3q7SfQRkTqEdMY+iEbKREIztBag3KlhzDFLBBTGFLJUtD5oFx1a+5cdB28JVTJUo1B+as3jHgSgkIumTFdz42xnzGNgkv IS73EQMz4hI2ga1GxEEw/m9+e03PrDGkQafsU0rn7eyJjoTFp6NvOkOHYrNZm5n+1boLBTT8TKk4QFF8sChJJMaKzIOhQaOAoUwuMa2FvpXzMNONo4yrZELzVL69D67LmWX64qtZvl3EUySk5IxfEI9ekTu5JgzQJJ1PyTF7Jm5M7L86787FoLTjLmRPyR87nD5MplMU=</latexit><latexit sha1_base64="Usjvp/PSeaMIrOrW1FlCHjKtW9g=">AAAB+3icbZDLSsNAFIYn9Vbrrdalm8EiuCqJCLosunFZwV6gLWUyPWmHTiZh5kQaQl7FjQtF3Poi7nwbp5eFtv4w8PGfczhnfj+WwqDrfjuFjc2t7Z3ibmlv/+DwqHxcaZko0RyaPJKR7vjMgBQKmihQQifWwEJfQtuf3M3q7SfQRkTqEdMY+iEbKREIztBag3KlhzDFLBBTGFLJUtD5oFx1a+5cdB28JVTJUo1B+as3jHgSgkIumTFdz42xnzGNgkv IS73EQMz4hI2ga1GxEEw/m9+e03PrDGkQafsU0rn7eyJjoTFp6NvOkOHYrNZm5n+1boLBTT8TKk4QFF8sChJJMaKzIOhQaOAoUwuMa2FvpXzMNONo4yrZELzVL69D67LmWX64qtZvl3EUySk5IxfEI9ekTu5JgzQJJ1PyTF7Jm5M7L86787FoLTjLmRPyR87nD5MplMU=</latexit><latexit sha1_base64="Usjvp/PSeaMIrOrW1FlCHjKtW9g=">AAAB+3icbZDLSsNAFIYn9Vbrrdalm8EiuCqJCLosunFZwV6gLWUyPWmHTiZh5kQaQl7FjQtF3Poi7nwbp5eFtv4w8PGfczhnfj+WwqDrfjuFjc2t7Z3ibmlv/+DwqHxcaZko0RyaPJKR7vjMgBQKmihQQifWwEJfQtuf3M3q7SfQRkTqEdMY+iEbKREIztBag3KlhzDFLBBTGFLJUtD5oFx1a+5cdB28JVTJUo1B+as3jHgSgkIumTFdz42xnzGNgkv IS73EQMz4hI2ga1GxEEw/m9+e03PrDGkQafsU0rn7eyJjoTFp6NvOkOHYrNZm5n+1boLBTT8TKk4QFF8sChJJMaKzIOhQaOAoUwuMa2FvpXzMNONo4yrZELzVL69D67LmWX64qtZvl3EUySk5IxfEI9ekTu5JgzQJJ1PyTF7Jm5M7L86787FoLTjLmRPyR87nD5MplMU=</latexit>
spacer
<latexit sha1_base64="/IvJU+OFxEGvZB6DvZ5puoUA+Fs=">AAAB9HicbZDLSgMxFIYz9VbrrerSTbAIrsqMCLosunFZwV6gHUomPdOGZjJjcqZYhj6HGxeKuPVh3Pk2pu0stPVA4OP/z0lO/iCRwqDrfjuFtfWNza3idmlnd2//oHx41DRxqjk0eCxj3Q6YASkUNFCghHaigUWBhFYwup35rTFoI2L1gJME/IgNlAgFZ2glv4vwhJlJGAc97ZUrbtWdF10FL4cKyaveK391+zFPI1DIJTOm47kJ+hnTKLiEaambGrB Xj9gAOhYVi8D42XzpKT2zSp+GsbZHIZ2rvycyFhkziQLbGTEcmmVvJv7ndVIMr/1MqCRFUHzxUJhKijGdJUD7QgNHObHAuBZ2V8qHTDOONqeSDcFb/vIqNC+qnuX7y0rtJo+jSE7IKTknHrkiNXJH6qRBOHkkz+SVvDlj58V5dz4WrQUnnzkmf8r5/AGGP5KT</latexit><latexit sha1_base64="/IvJU+OFxEGvZB6DvZ5puoUA+Fs=">AAAB9HicbZDLSgMxFIYz9VbrrerSTbAIrsqMCLosunFZwV6gHUomPdOGZjJjcqZYhj6HGxeKuPVh3Pk2pu0stPVA4OP/z0lO/iCRwqDrfjuFtfWNza3idmlnd2//oHx41DRxqjk0eCxj3Q6YASkUNFCghHaigUWBhFYwup35rTFoI2L1gJME/IgNlAgFZ2glv4vwhJlJGAc97ZUrbtWdF10FL4cKyaveK391+zFPI1DIJTOm47kJ+hnTKLiEaambGrB Xj9gAOhYVi8D42XzpKT2zSp+GsbZHIZ2rvycyFhkziQLbGTEcmmVvJv7ndVIMr/1MqCRFUHzxUJhKijGdJUD7QgNHObHAuBZ2V8qHTDOONqeSDcFb/vIqNC+qnuX7y0rtJo+jSE7IKTknHrkiNXJH6qRBOHkkz+SVvDlj58V5dz4WrQUnnzkmf8r5/AGGP5KT</latexit><latexit sha1_base64="/IvJU+OFxEGvZB6DvZ5puoUA+Fs=">AAAB9HicbZDLSgMxFIYz9VbrrerSTbAIrsqMCLosunFZwV6gHUomPdOGZjJjcqZYhj6HGxeKuPVh3Pk2pu0stPVA4OP/z0lO/iCRwqDrfjuFtfWNza3idmlnd2//oHx41DRxqjk0eCxj3Q6YASkUNFCghHaigUWBhFYwup35rTFoI2L1gJME/IgNlAgFZ2glv4vwhJlJGAc97ZUrbtWdF10FL4cKyaveK391+zFPI1DIJTOm47kJ+hnTKLiEaambGrB Xj9gAOhYVi8D42XzpKT2zSp+GsbZHIZ2rvycyFhkziQLbGTEcmmVvJv7ndVIMr/1MqCRFUHzxUJhKijGdJUD7QgNHObHAuBZ2V8qHTDOONqeSDcFb/vIqNC+qnuX7y0rtJo+jSE7IKTknHrkiNXJH6qRBOHkkz+SVvDlj58V5dz4WrQUnnzkmf8r5/AGGP5KT</latexit><latexit sha1_base64="/IvJU+OFxEGvZB6DvZ5puoUA+Fs=">AAAB9HicbZDLSgMxFIYz9VbrrerSTbAIrsqMCLosunFZwV6gHUomPdOGZjJjcqZYhj6HGxeKuPVh3Pk2pu0stPVA4OP/z0lO/iCRwqDrfjuFtfWNza3idmlnd2//oHx41DRxqjk0eCxj3Q6YASkUNFCghHaigUWBhFYwup35rTFoI2L1gJME/IgNlAgFZ2glv4vwhJlJGAc97ZUrbtWdF10FL4cKyaveK391+zFPI1DIJTOm47kJ+hnTKLiEaambGrB Xj9gAOhYVi8D42XzpKT2zSp+GsbZHIZ2rvycyFhkziQLbGTEcmmVvJv7ndVIMr/1MqCRFUHzxUJhKijGdJUD7QgNHObHAuBZ2V8qHTDOONqeSDcFb/vIqNC+qnuX7y0rtJo+jSE7IKTknHrkiNXJH6qRBOHkkz+SVvDlj58V5dz4WrQUnnzkmf8r5/AGGP5KT</latexit>
mA(B),i
<latexit sha1_base64="qYtEfpWHAMUIMWOd8lueeA7Tsb0=">AAAB/HicbVDLSgMxFM3UV62vapdugkWoIGVGBF3WunFZwT6gHYZMmmlDk8yQZIRhGH/FjQtF3Poh7vwbM+0s tPVA4HDOvdyT40eMKm3b31ZpbX1jc6u8XdnZ3ds/qB4e9VQYS0y6OGShHPhIEUYF6WqqGRlEkiDuM9L3Z7e5338kUtFQPOgkIi5HE0EDipE2kletjTjSUz9IeealN4322TnNvGrdbtpzwFXiFKQOCnS86tdoHOKYE6ExQ0oNHTvSboqkppiRrDKKFYkQnqEJGRoqECfKTefhM3hqlDEMQmme0HCu/t5IEVcq4b6ZzKOqZS8X//OGsQ6u3ZSKKNZE4MWhIGZQhzBvAo6 pJFizxBCEJTVZIZ4iibA2fVVMCc7yl1dJ76LpGH5/WW+1izrK4BicgAZwwBVogTvQAV2AQQKewSt4s56sF+vd+liMlqxipwb+wPr8AQ2+lFw=</latexit><latexit sha1_base64="qYtEfpWHAMUIMWOd8lueeA7Tsb0=">AAAB/HicbVDLSgMxFM3UV62vapdugkWoIGVGBF3WunFZwT6gHYZMmmlDk8yQZIRhGH/FjQtF3Poh7vwbM+0s tPVA4HDOvdyT40eMKm3b31ZpbX1jc6u8XdnZ3ds/qB4e9VQYS0y6OGShHPhIEUYF6WqqGRlEkiDuM9L3Z7e5338kUtFQPOgkIi5HE0EDipE2kletjTjSUz9IeealN4322TnNvGrdbtpzwFXiFKQOCnS86tdoHOKYE6ExQ0oNHTvSboqkppiRrDKKFYkQnqEJGRoqECfKTefhM3hqlDEMQmme0HCu/t5IEVcq4b6ZzKOqZS8X//OGsQ6u3ZSKKNZE4MWhIGZQhzBvAo6 pJFizxBCEJTVZIZ4iibA2fVVMCc7yl1dJ76LpGH5/WW+1izrK4BicgAZwwBVogTvQAV2AQQKewSt4s56sF+vd+liMlqxipwb+wPr8AQ2+lFw=</latexit><latexit sha1_base64="qYtEfpWHAMUIMWOd8lueeA7Tsb0=">AAAB/HicbVDLSgMxFM3UV62vapdugkWoIGVGBF3WunFZwT6gHYZMmmlDk8yQZIRhGH/FjQtF3Poh7vwbM+0s tPVA4HDOvdyT40eMKm3b31ZpbX1jc6u8XdnZ3ds/qB4e9VQYS0y6OGShHPhIEUYF6WqqGRlEkiDuM9L3Z7e5338kUtFQPOgkIi5HE0EDipE2kletjTjSUz9IeealN4322TnNvGrdbtpzwFXiFKQOCnS86tdoHOKYE6ExQ0oNHTvSboqkppiRrDKKFYkQnqEJGRoqECfKTefhM3hqlDEMQmme0HCu/t5IEVcq4b6ZzKOqZS8X//OGsQ6u3ZSKKNZE4MWhIGZQhzBvAo6 pJFizxBCEJTVZIZ4iibA2fVVMCc7yl1dJ76LpGH5/WW+1izrK4BicgAZwwBVogTvQAV2AQQKewSt4s56sF+vd+liMlqxipwb+wPr8AQ2+lFw=</latexit><latexit sha1_base64="qYtEfpWHAMUIMWOd8lueeA7Tsb0=">AAAB/HicbVDLSgMxFM3UV62vapdugkWoIGVGBF3WunFZwT6gHYZMmmlDk8yQZIRhGH/FjQtF3Poh7vwbM+0s tPVA4HDOvdyT40eMKm3b31ZpbX1jc6u8XdnZ3ds/qB4e9VQYS0y6OGShHPhIEUYF6WqqGRlEkiDuM9L3Z7e5338kUtFQPOgkIi5HE0EDipE2kletjTjSUz9IeealN4322TnNvGrdbtpzwFXiFKQOCnS86tdoHOKYE6ExQ0oNHTvSboqkppiRrDKKFYkQnqEJGRoqECfKTefhM3hqlDEMQmme0HCu/t5IEVcq4b6ZzKOqZS8X//OGsQ6u3ZSKKNZE4MWhIGZQhzBvAo6 pJFizxBCEJTVZIZ4iibA2fVVMCc7yl1dJ76LpGH5/WW+1izrK4BicgAZwwBVogTvQAV2AQQKewSt4s56sF+vd+liMlqxipwb+wPr8AQ2+lFw=</latexit>
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FIG. 1. Schematic illustration of our model. (a) A spin-torque
oscillator (STO) array represented as a one-dimensional lat-
tice with sublattices A and B. Nearest-neighbor hopping in
the ith unit cell (with i = 1, ..., N) is denoted Ji, Gi and
J˜i, G˜i for intra- and inter-cell hopping, respectively. (b) Each
unit cell consists of two STOs, labelled STOA,i and STOB,i,
and two metallic spacers connecting adjacent STOs, denoted
MS1(2),i. Metallic spacers MS1(2),i mediate both a reactive
RKKY-like coupling and a dissipative spin-pumping coupling
between spins of STOA,i(STOB,i) and STOB,i(STOA,i+1),
whose strength is parametrized, respectively, by Ji(J˜i) and
Gi(G˜i). (c) Each STO is a free ferromagnet|spacer|fixed fer-
romagnet trilayer subjected to the spin current JsA(B),i. An
external magnetic field H0 sets the equilibrium direction of
the magnetic order parameter mA(B),i of the free layer. Other
implementations of STOs are possible.
.
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2mitian Hamiltonians, which describe systems where the
particle number is conserved.
The recent introduction of topological classifications
for non-Hermitian Hamiltonians opens up new prospects
for realizing nontrivial topological phases in intrinsically
dissipative systems [14, 15]. While a complete theoretical
background it is still missing, recent experimental devel-
opments have shown that topologically protected edge
modes can appear even when number conservation is vi-
olated [16].
In this Letter, we propose a non-Hermitian topolog-
ical magnonic system. We consider a one-dimensional
(1D) array of spin-torque oscillators (STOs) [17], which
are current-driven magnetic nanopillars, as illustrated in
Fig. 1. We show that, in the linear regime, such an
array is a magnonic realization of a non-Hermitian Su-
Schrieffer-Heeger (SSH) model with Parity-Time (PT)
symmetry or chiral-inversion (CI) symmetry [18–20],
where different symmetry classes are accessed by chang-
ing experimentally controllable parameters. The crucial
ingredients of our proposed setup are the injection of
spin current into the magnets, which counteracts and
may even overcome damping, and dissipative coupling
of STOs via spin pumping. Using exact diagonalization
and numerical solutions of the nonlinear equations de-
scribing magnetization dynamics, we find that this sys-
tem displays a robust topological phase where a single
STO at the edge is driven into auto-oscillation while the
bulk remains inactive.
Model. We consider a one-dimensional array of 2N
STOs arranged in N unit cells, as shown in Fig. 1. The
ith unit cell consists of two STOs, labelled STOA,i and
STOB,i, and two metallic spacers coupling the intracell
and intercell STO elements, denoted MS1,i and MS2,i,
respectively. The dynamics of the magnetic order pa-
rameter mη,i (with η = A,B) of an isolated spin-torque
oscillator STOη,i subject to a magnetic field H0 = H0zˆ
and a spin current (in units of frequency) Jsη,i = Jsη,izˆ
is [21]
m˙η,i|0 = ωη,izˆ×mη,i + αη,imη,i × m˙η,i
+ Jsη,imη,i × (mη,i × zˆ) . (1)
Here, ωη,i = γη,i(H0 − 4piMη,i) is the ferromagnetic
resonance frequency, with γη,i the gyromagnetic ratio,
Mη,i the saturation magnetization, and αη,i  1 is the
(dimensionless) Gilbert damping parameter. The sec-
ond and third terms on the right-hand side of Eq. (1)
are, respectively, the dissipative torque accounting for
energy dissipation [22] and the Slonczewski-Berger spin-
transfer torque describing interaction of the magnetic or-
der parameter with the spin-polarized current [23]. In
our proposed set-up, the spin transfer torque acts as a
dissipative process that counteracts the intrinsic dissipa-
tion and thus provides tuneable gain. Metallic spacers
can mediate both reactive and dissipative coupling be-
tween STOs. For the reactive coupling, we consider a
RKKY-type exchange whose strength is parametrized by
the frequency Ji (J˜i) for the spacer MS1,i (MS2,i). In our
convention, Ji(J˜i) > 0 corresponds to a ferromagnetic
exchange coupling. The dissipative coupling is mediated
by spin pumping through the spacer MS1,i (MS2,i) [24];
its efficiency is parametrized by the dimensionless pa-
rameter Gi(G˜i)  1, which is microscopically related
to the spin-mixing conductance of the oscillator|metallic
spacer interface [25]. Assuming a nearest-neighbor cou-
pling, the coupled dynamics introduced via the metallic
spacers reads as
m˙A,i|coup =−mA,i × (JimB,i + J˜i−1mB,i−1)
+Gi [mA,i × m˙A,i −mB,i × m˙B,i]
+G˜i−1 [mA,i × m˙A,i −mB,i−1 × m˙B,i−1] ,
m˙B,i|coup =−mB,i × (JimA,i + J˜imA,i+1)
+Gi [mB,i × m˙B,i −mA,i × m˙A,i]
+G˜i [mB,i × m˙B,i −mA,i+1 × m˙A,i+1] , (2)
where G˜1(N) = J˜1(N) = 0. The sum of Eqs. (1) and (2)
determines the full system dynamics. In the following,
we consider identical unit cells and drop the parameter
dependence on index i. We assume that the magnetic
field is large enough to order the magnets along its di-
rection, and proceed to linearize Eqs. (1) and (2) around
the equilibrium direction of the magnetic order param-
eter. That is, we write mη,i = (mη,ix,mη,iy, 1), with
|mη,i| ' 1. Next, we introduce the complex variable
2m−η,i = mη,ix−imη,iy and invoke the Holstein-Primakoff
transformation [26] m−A(B),i(t) = 〈ai(bi)〉e−iωt, where the
second-quantized operator ai(bi) annihilates a magnon at
the sublattice A(B) of the i-th unit cell and obeys bosonic
commutation relations.
Assuming the local damping to be much larger than
the nonlocal one, G˜,G  αη, the linearized dynam-
ics that follows from Eqs. (1)-(2) corresponds to a non-
Hermitian SSH model with complex onsite potentials and
complex intercell and intracell couplings. For identi-
cal STOs on the A and B sublattices we have ωη ≡ ω
and αη ≡ α. The corresponding Hamiltonian is H =∑N
i=1Hi, with Hi the Hamiltonian for the ith unit cell,
which reads
Hi = ω
[
a†iai + b
†
i bi
]
+ i(JsA − αω)a†iai
+ i(JsB − αω)b†i bi + (−J + iGω)
[
a†i bi + h.c.
]
+ (−J˜ + iG˜ω)
[
a†i bi−1 + h.c.
]
, (3)
for i 6= 1, N , with open boundary conditions
Hj = ωa
†
jaj + ωb
†
jbj + i(JsA − αω)a†jaj
+ i(JsB − αω)b†jbj + (−J + iGω)
[
a†jbj + b
†
jaj
]
+ (−J˜ + iG˜ω)b†jal , (4)
with j = 1, N and l = 2, N − 1. Equations (3)-(4) con-
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FIG. 2. Exact diagonalization of Eqs. (3)-(4) for N = 40 unit cells (80 STOs) with ω/4piγM = 0.5, α = 0.01, J˜/4piγM = 0.025.
The columns correspond to the four symmetry regimes of Hk discussed in the main text. (a)-(d) Shows ReE − ω and (e)-(f)
ImE. All cases have a line gap on the real axis and two edge modes with ReE − ω = 0 for J . |J˜ |. In general, the real
spectrum is mostly unaltered in each case, aside from small deviations of the gap closing point. (a, e) PT symmetric case.
There is one lasing edge mode for J < |J˜ − αω|, whereas additional bulk lasing modes appear for |J˜ − αω| < J < |J˜ + αω| in
the ‘PT-broken’ regime [19] (purple/light gray shaded area). The topological transition occurs at J = ±J˜ (purple/gray dashed
line). (b, f) Nonzero dissipative couplings G, G˜ = 0.1α. Bulk modes have ImE 6= 0, but there is still a well-defined lasing edge
mode separated from the bulk modes for J . |J˜ |. This regime has chiral-inversion (CI) symmetry. (c, g) Deviation of Js from
the PT symmetric value J∗s = 2αω where Js = 0.8J
∗
s . For Js < J
∗
s the imaginary spectrum is shifted down, while for Js > J
∗
s
it is shifted up (not shown). The edge mode is still lasing (ImE > 0) for Js & αω. This regime has chiral symmetry (CS). (d,
h) Combination of the two PT breaking terms, G, G˜ = 0.1α and Js = 0.8J
∗
s . ImE has properties of (f) and (g). Both CI and
CS are broken, but TRS† symmetry is preserved.
stitute our starting point for exact diagonalization.
Results. The effective Hamiltonian in Eqs. (3)-(4) is a
realization of a non-Hermitian SSH chain with many tun-
able features affecting its symmetries. We investigate the
topology as a function of J/J˜ , which can be experimen-
tally controlled by tuning the length of the metallic spac-
ers. Here, we consider the case where spin current is in-
jected only at the A sites, setting JsA = Js and JsB = 0.
Importantly, H does not exhibit the non-Hermitian skin
effect and therefore analysis of its topology based on pe-
riodic boundary conditions is valid [14, 20, 27]. The
Fourier transform of Eq. (3) for periodic boundary con-
ditions is
Hk = id0kI+ dk · σ, (5)
where I is the 2 × 2 identity matrix, σ = (σx, σy, σz) is
the vector of Pauli matrices, dk = (dxk, dyk, dzk) ∈ C is a
vector of complex functions of momentum k and d0k ∈ R
is a real function of k. The energy spectrum is
E±k = id0k ±
√
d21k − d22k + 2id1k · d2k, (6)
where d1k = Re [dk], d2k = Im [dk]. Here, d0k = (Js −
2αω)/2 and
dk =
−J + iωG− (J˜ − iG˜ω) cos k−(J˜ − iG˜ω) sin k
iJs2
 . (7)
E±k has a real line gap where Re[E
±
k ] 6= 0 ∀ k pro-
vided that d21k > d
2
2k ∀ k. Systems with a real line
gap can have topogically nontrivial phases depending on
their symmetry class [14, 15, 27]. Furthermore, since this
model includes only short-range hopping, the condition
for a topological phase transition can be formulated as in
Ref. [27]. We use the symmetry naming conventions of
Ref. [14]. We consider four different cases, corresponding
to the i) PT symmetric case, ii,iii) two different types of
breaking of PT symmetry and iv) a combination of both
4symmetry-breaking terms.
i) For Js = J
∗
s = 2αω and negligible dissipative cou-
plings, G, G˜ = 0, Hk is PT symmetric with σxH
∗
kσx =
Hk. This system is a well-known host of two topologically
protected edge modes with ImE = ±2αω for |J | < |J˜ |,
and it has a real line gap for |J− J˜ | > αω [19]. The mode
with positive (negative) imaginary energy, i.e., the lasing
(lossy) edge mode, corresponds physically to a magnon
population that grows (decays) exponentially in time at
the left (right) edge. The PT-symmetric model has gen-
erated much interest and has been experimentally real-
ized in photonic systems and microresonators [14, 16].
ii) For Js = J
∗
s and G(G˜) 6= 0, Eq. (5) obeys chiral-
inversion (CI) symmetry σyHkσy = −H−k. CI symmet-
ric models have nontrivial topological phases [20]. The
bulk real gap is open for |J − J˜ | > ω√δG2 + α2, with
δG = G− G˜, and the condition for two topologically pro-
tected edge modes is modified to |J − iGω| < |J˜ − iG˜ω|.
iii) Deviations of Js from J
∗
s with G, G˜ = 0 preserve
chiral symmetry (CS) defined as σzH
†σz = −Hk. In this
case there is a real gap for |J − J˜ | > Js/2 and exhibits
a topological phase with two protected edge modes for
|J | < |J˜ |.
iv) Including both G(G˜) 6= 0 and Js 6= J∗s breaks CI
and CS symmetries. The Hamiltonian maintains TRS†
symmetry defined as HT (k) = H(−k) and has a real
gap for |J − J˜ | > √δG2ω2 + (Js/2)2; however, TRS†
alone does not guarantee topologically protected phases
in 1D [14].
This analysis shows that with dissipative coupling or
injected spin current Js 6= J∗s the model still has a topo-
logically nontrivial phase. Furthermore, only the differ-
ence δG affects the topological transition and bulk gap
closing. Thus, for the parameter regime G, G˜  α and
G ≈ G˜, in practice resulting from choosing the metallic
spacers to be good spin sinks, the edge modes are quite
robust. Including both PT symmetry breaking terms
may compromise the topological protection as PT, CS,
and CI symmetries are all broken. We find numerically
that localized edge modes are still present for Js 6= J∗s
and G, G˜ = 0.1α, but these modes may not be topologi-
cally protected [14].
The complex frequency spectrum E that results from
exact diagonalization of Eqs. (3)-(4) is presented in Fig. 2
for all cases discussed above. For weak dissipative cou-
pling G, G˜  α and ∼ 20% deviations of Js from the
PT symmetric value J∗s we always find a real line gap
for |J | . |J˜ |, shown in Fig. 2 (a)-(d), and a lasing edge
mode with ImE > 0 shown in Fig. 2 (e)-(h). The lasing
mode is well separated from the imaginary spectrum of
bulk states.
Numerical solutions. To investigate the nonlinear dy-
namics of the STO array, and, in particular, how non-
linearities affect the growth of the lasing edge modes, we
solve Eqs. (1)-(2) numerically. We parametrize the mag-
netization direction by the power 0 < pη,i(t) < 1, propor-
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<latexit sha1_base64="P3rXskgQeGEEgZ3TWYGbqUZWGqM=">AAAB63icbZBNSwMxEIZn/az1q+ rRS7AInspuEfRY8OKxgv2AdinZdLYNTbJLkhVK6V/w4kERr/4hb/4bs+0etPWFwMM7M2TmjVLBjfX9b29jc2t7Z7e0V94/ODw6rpyctk2SaYYtlohEdyNqUHCFLcutwG6qkcpIYCea3OX1zhNqwxP1aKcph pKOFI85oza3/FrdH1Sqfs1fiKxDUEAVCjUHla/+MGGZRGWZoMb0Aj+14Yxqy5nAebmfGUwpm9AR9hwqKtGEs8Wuc3LpnCGJE+2esmTh/p6YUWnMVEauU1I7Nqu13Pyv1stsfBvOuEozi4otP4ozQWxC8sP JkGtkVkwdUKa525WwMdWUWRdP2YUQrJ68Du16LXD8cF1tNIo4SnAOF3AFAdxAA+6hCS1gMIZneIU3T3ov3rv3sWzd8IqZM/gj7/MHwqCNYA==</latexit><latexit sha1_base64="P3rXskgQeGEEgZ3TWYGbqUZWGqM=">AAAB63icbZBNSwMxEIZn/az1q+ rRS7AInspuEfRY8OKxgv2AdinZdLYNTbJLkhVK6V/w4kERr/4hb/4bs+0etPWFwMM7M2TmjVLBjfX9b29jc2t7Z7e0V94/ODw6rpyctk2SaYYtlohEdyNqUHCFLcutwG6qkcpIYCea3OX1zhNqwxP1aKcph pKOFI85oza3/FrdH1Sqfs1fiKxDUEAVCjUHla/+MGGZRGWZoMb0Aj+14Yxqy5nAebmfGUwpm9AR9hwqKtGEs8Wuc3LpnCGJE+2esmTh/p6YUWnMVEauU1I7Nqu13Pyv1stsfBvOuEozi4otP4ozQWxC8sP JkGtkVkwdUKa525WwMdWUWRdP2YUQrJ68Du16LXD8cF1tNIo4SnAOF3AFAdxAA+6hCS1gMIZneIU3T3ov3rv3sWzd8IqZM/gj7/MHwqCNYA==</latexit><latexit sha1_base64="P3rXskgQeGEEgZ3TWYGbqUZWGqM=">AAAB63icbZBNSwMxEIZn/az1q+ rRS7AInspuEfRY8OKxgv2AdinZdLYNTbJLkhVK6V/w4kERr/4hb/4bs+0etPWFwMM7M2TmjVLBjfX9b29jc2t7Z7e0V94/ODw6rpyctk2SaYYtlohEdyNqUHCFLcutwG6qkcpIYCea3OX1zhNqwxP1aKcph pKOFI85oza3/FrdH1Sqfs1fiKxDUEAVCjUHla/+MGGZRGWZoMb0Aj+14Yxqy5nAebmfGUwpm9AR9hwqKtGEs8Wuc3LpnCGJE+2esmTh/p6YUWnMVEauU1I7Nqu13Pyv1stsfBvOuEozi4otP4ozQWxC8sP JkGtkVkwdUKa525WwMdWUWRdP2YUQrJ68Du16LXD8cF1tNIo4SnAOF3AFAdxAA+6hCS1gMIZneIU3T3ov3rv3sWzd8IqZM/gj7/MHwqCNYA==</latexit><latexit sha1_base64="P3rXskgQeGEEgZ3TWYGbqUZWGqM=">AAAB63icbZBNSwMxEIZn/az1q+ rRS7AInspuEfRY8OKxgv2AdinZdLYNTbJLkhVK6V/w4kERr/4hb/4bs+0etPWFwMM7M2TmjVLBjfX9b29jc2t7Z7e0V94/ODw6rpyctk2SaYYtlohEdyNqUHCFLcutwG6qkcpIYCea3OX1zhNqwxP1aKcph pKOFI85oza3/FrdH1Sqfs1fiKxDUEAVCjUHla/+MGGZRGWZoMb0Aj+14Yxqy5nAebmfGUwpm9AR9hwqKtGEs8Wuc3LpnCGJE+2esmTh/p6YUWnMVEauU1I7Nqu13Pyv1stsfBvOuEozi4otP4ozQWxC8sP JkGtkVkwdUKa525WwMdWUWRdP2YUQrJ68Du16LXD8cF1tNIo4SnAOF3AFAdxAA+6hCS1gMIZneIU3T3ov3rv3sWzd8IqZM/gj7/MHwqCNYA==</latexit>
0.15
<latexit sha1_base64="JBkFtcrJppwwyQUjorphr+fI19Q=">AAAB63icbZBNSwMxEIZn61etX1 WPXoJF8FR2RdFjwYvHCrYW2qVk02kbmmSXJCuUpX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0oEN9b3v73S2vrG5lZ5u7Kzu7d/UD08aps41QxbLBax7kTUoOAKW5ZbgZ1EI5WRwMdocpvXH59QGx6rBztNM JR0pPiQM2pzy68HV/1qza/7c5FVCAqoQaFmv/rVG8QslagsE9SYbuAnNsyotpwJnFV6qcGEsgkdYdehohJNmM13nZEz5wzIMNbuKUvm7u+JjEpjpjJynZLasVmu5eZ/tW5qhzdhxlWSWlRs8dEwFcTGJD+ cDLhGZsXUAWWau10JG1NNmXXxVFwIwfLJq9C+qAeO7y9rjUYRRxlO4BTOIYBraMAdNKEFDMbwDK/w5knvxXv3PhatJa+YOYY/8j5/AMivjWQ=</latexit><latexit sha1_base64="JBkFtcrJppwwyQUjorphr+fI19Q=">AAAB63icbZBNSwMxEIZn61etX1 WPXoJF8FR2RdFjwYvHCrYW2qVk02kbmmSXJCuUpX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0oEN9b3v73S2vrG5lZ5u7Kzu7d/UD08aps41QxbLBax7kTUoOAKW5ZbgZ1EI5WRwMdocpvXH59QGx6rBztNM JR0pPiQM2pzy68HV/1qza/7c5FVCAqoQaFmv/rVG8QslagsE9SYbuAnNsyotpwJnFV6qcGEsgkdYdehohJNmM13nZEz5wzIMNbuKUvm7u+JjEpjpjJynZLasVmu5eZ/tW5qhzdhxlWSWlRs8dEwFcTGJD+ cDLhGZsXUAWWau10JG1NNmXXxVFwIwfLJq9C+qAeO7y9rjUYRRxlO4BTOIYBraMAdNKEFDMbwDK/w5knvxXv3PhatJa+YOYY/8j5/AMivjWQ=</latexit><latexit sha1_base64="JBkFtcrJppwwyQUjorphr+fI19Q=">AAAB63icbZBNSwMxEIZn61etX1 WPXoJF8FR2RdFjwYvHCrYW2qVk02kbmmSXJCuUpX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0oEN9b3v73S2vrG5lZ5u7Kzu7d/UD08aps41QxbLBax7kTUoOAKW5ZbgZ1EI5WRwMdocpvXH59QGx6rBztNM JR0pPiQM2pzy68HV/1qza/7c5FVCAqoQaFmv/rVG8QslagsE9SYbuAnNsyotpwJnFV6qcGEsgkdYdehohJNmM13nZEz5wzIMNbuKUvm7u+JjEpjpjJynZLasVmu5eZ/tW5qhzdhxlWSWlRs8dEwFcTGJD+ cDLhGZsXUAWWau10JG1NNmXXxVFwIwfLJq9C+qAeO7y9rjUYRRxlO4BTOIYBraMAdNKEFDMbwDK/w5knvxXv3PhatJa+YOYY/8j5/AMivjWQ=</latexit><latexit sha1_base64="JBkFtcrJppwwyQUjorphr+fI19Q=">AAAB63icbZBNSwMxEIZn61etX1 WPXoJF8FR2RdFjwYvHCrYW2qVk02kbmmSXJCuUpX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0oEN9b3v73S2vrG5lZ5u7Kzu7d/UD08aps41QxbLBax7kTUoOAKW5ZbgZ1EI5WRwMdocpvXH59QGx6rBztNM JR0pPiQM2pzy68HV/1qza/7c5FVCAqoQaFmv/rVG8QslagsE9SYbuAnNsyotpwJnFV6qcGEsgkdYdehohJNmM13nZEz5wzIMNbuKUvm7u+JjEpjpjJynZLasVmu5eZ/tW5qhzdhxlWSWlRs8dEwFcTGJD+ cDLhGZsXUAWWau10JG1NNmXXxVFwIwfLJq9C+qAeO7y9rjUYRRxlO4BTOIYBraMAdNKEFDMbwDK/w5knvxXv3PhatJa+YOYY/8j5/AMivjWQ=</latexit>
0. 5
<latexit sha1_base64="EnztMeIel+oDMJgiGJrxXaX0S4I=">AAAB63icbVBNSwMxEJ2tX7V+VT 16CRbBU9kVRY8FLx4r2Fpol5JNs21okl2SWaGU/gUvHhTx6h/y5r8x2+5BWx+EPN6bYWZelEph0fe/vdLa+sbmVnm7srO7t39QPTxq2yQzjLdYIhPTiajlUmjeQoGSd1LDqYokf4zGt7n/+MSNFYl+wEnKQ 0WHWsSCUcwlv+5f9as1981BVklQkBoUaParX71BwjLFNTJJre0GforhlBoUTPJZpZdZnlI2pkPedVRTxW04ne86I2dOGZA4Me5pJHP1d8eUKmsnKnKViuLILnu5+J/XzTC+CadCpxlyzRaD4kwSTEh+OBk IwxnKiSOUGeF2JWxEDWXo4qm4EILlk1dJ+6IeOH5/WWs0ijjKcAKncA4BXEMD7qAJLWAwgmd4hTdPeS/eu/exKC15Rc8x/IH3+QPHKo1j</latexit><latexit sha1_base64="EnztMeIel+oDMJgiGJrxXaX0S4I=">AAAB63icbVBNSwMxEJ2tX7V+VT 16CRbBU9kVRY8FLx4r2Fpol5JNs21okl2SWaGU/gUvHhTx6h/y5r8x2+5BWx+EPN6bYWZelEph0fe/vdLa+sbmVnm7srO7t39QPTxq2yQzjLdYIhPTiajlUmjeQoGSd1LDqYokf4zGt7n/+MSNFYl+wEnKQ 0WHWsSCUcwlv+5f9as1981BVklQkBoUaParX71BwjLFNTJJre0GforhlBoUTPJZpZdZnlI2pkPedVRTxW04ne86I2dOGZA4Me5pJHP1d8eUKmsnKnKViuLILnu5+J/XzTC+CadCpxlyzRaD4kwSTEh+OBk IwxnKiSOUGeF2JWxEDWXo4qm4EILlk1dJ+6IeOH5/WWs0ijjKcAKncA4BXEMD7qAJLWAwgmd4hTdPeS/eu/exKC15Rc8x/IH3+QPHKo1j</latexit><latexit sha1_base64="EnztMeIel+oDMJgiGJrxXaX0S4I=">AAAB63icbVBNSwMxEJ2tX7V+VT 16CRbBU9kVRY8FLx4r2Fpol5JNs21okl2SWaGU/gUvHhTx6h/y5r8x2+5BWx+EPN6bYWZelEph0fe/vdLa+sbmVnm7srO7t39QPTxq2yQzjLdYIhPTiajlUmjeQoGSd1LDqYokf4zGt7n/+MSNFYl+wEnKQ 0WHWsSCUcwlv+5f9as1981BVklQkBoUaParX71BwjLFNTJJre0GforhlBoUTPJZpZdZnlI2pkPedVRTxW04ne86I2dOGZA4Me5pJHP1d8eUKmsnKnKViuLILnu5+J/XzTC+CadCpxlyzRaD4kwSTEh+OBk IwxnKiSOUGeF2JWxEDWXo4qm4EILlk1dJ+6IeOH5/WWs0ijjKcAKncA4BXEMD7qAJLWAwgmd4hTdPeS/eu/exKC15Rc8x/IH3+QPHKo1j</latexit><latexit sha1_base64="EnztMeIel+oDMJgiGJrxXaX0S4I=">AAAB63icbVBNSwMxEJ2tX7V+VT 16CRbBU9kVRY8FLx4r2Fpol5JNs21okl2SWaGU/gUvHhTx6h/y5r8x2+5BWx+EPN6bYWZelEph0fe/vdLa+sbmVnm7srO7t39QPTxq2yQzjLdYIhPTiajlUmjeQoGSd1LDqYokf4zGt7n/+MSNFYl+wEnKQ 0WHWsSCUcwlv+5f9as1981BVklQkBoUaParX71BwjLFNTJJre0GforhlBoUTPJZpZdZnlI2pkPedVRTxW04ne86I2dOGZA4Me5pJHP1d8eUKmsnKnKViuLILnu5+J/XzTC+CadCpxlyzRaD4kwSTEh+OBk IwxnKiSOUGeF2JWxEDWXo4qm4EILlk1dJ+6IeOH5/WWs0ijjKcAKncA4BXEMD7qAJLWAwgmd4hTdPeS/eu/exKC15Rc8x/IH3+QPHKo1j</latexit>
0.10
<latexit sha1_base64="zr2ZWbOx+9Mo2HNkDbOWKXPvxyw=">AAAB63icbZBNSwMxEIZn61etX1 WPXoJF8FR2RdBjwYvHCvYD2qVk09k2NMkuSVYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0oFN9b3v73SxubW9k55t7K3f3B4VD0+aZsk0wxbLBGJ7kbUoOAKW5Zbgd1UI5WRwE40ucvrnSfUhifq0U5TD CUdKR5zRm1u+fXAH1Rrft1fiKxDUEANCjUH1a/+MGGZRGWZoMb0Aj+14Yxqy5nAeaWfGUwpm9AR9hwqKtGEs8Wuc3LhnCGJE+2esmTh/p6YUWnMVEauU1I7Nqu13Pyv1stsfBvOuEozi4otP4ozQWxC8sP JkGtkVkwdUKa525WwMdWUWRdPxYUQrJ68Du2reuD44brWaBRxlOEMzuESAriBBtxDE1rAYAzP8ApvnvRevHfvY9la8oqZU/gj7/MHwRuNXw==</latexit><latexit sha1_base64="zr2ZWbOx+9Mo2HNkDbOWKXPvxyw=">AAAB63icbZBNSwMxEIZn61etX1 WPXoJF8FR2RdBjwYvHCvYD2qVk09k2NMkuSVYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0oFN9b3v73SxubW9k55t7K3f3B4VD0+aZsk0wxbLBGJ7kbUoOAKW5Zbgd1UI5WRwE40ucvrnSfUhifq0U5TD CUdKR5zRm1u+fXAH1Rrft1fiKxDUEANCjUH1a/+MGGZRGWZoMb0Aj+14Yxqy5nAeaWfGUwpm9AR9hwqKtGEs8Wuc3LhnCGJE+2esmTh/p6YUWnMVEauU1I7Nqu13Pyv1stsfBvOuEozi4otP4ozQWxC8sP JkGtkVkwdUKa525WwMdWUWRdPxYUQrJ68Du2reuD44brWaBRxlOEMzuESAriBBtxDE1rAYAzP8ApvnvRevHfvY9la8oqZU/gj7/MHwRuNXw==</latexit><latexit sha1_base64="zr2ZWbOx+9Mo2HNkDbOWKXPvxyw=">AAAB63icbZBNSwMxEIZn61etX1 WPXoJF8FR2RdBjwYvHCvYD2qVk09k2NMkuSVYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0oFN9b3v73SxubW9k55t7K3f3B4VD0+aZsk0wxbLBGJ7kbUoOAKW5Zbgd1UI5WRwE40ucvrnSfUhifq0U5TD CUdKR5zRm1u+fXAH1Rrft1fiKxDUEANCjUH1a/+MGGZRGWZoMb0Aj+14Yxqy5nAeaWfGUwpm9AR9hwqKtGEs8Wuc3LhnCGJE+2esmTh/p6YUWnMVEauU1I7Nqu13Pyv1stsfBvOuEozi4otP4ozQWxC8sP JkGtkVkwdUKa525WwMdWUWRdPxYUQrJ68Du2reuD44brWaBRxlOEMzuESAriBBtxDE1rAYAzP8ApvnvRevHfvY9la8oqZU/gj7/MHwRuNXw==</latexit><latexit sha1_base64="zr2ZWbOx+9Mo2HNkDbOWKXPvxyw=">AAAB63icbZBNSwMxEIZn61etX1 WPXoJF8FR2RdBjwYvHCvYD2qVk09k2NMkuSVYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0oFN9b3v73SxubW9k55t7K3f3B4VD0+aZsk0wxbLBGJ7kbUoOAKW5Zbgd1UI5WRwE40ucvrnSfUhifq0U5TD CUdKR5zRm1u+fXAH1Rrft1fiKxDUEANCjUH1a/+MGGZRGWZoMb0Aj+14Yxqy5nAeaWfGUwpm9AR9hwqKtGEs8Wuc3LhnCGJE+2esmTh/p6YUWnMVEauU1I7Nqu13Pyv1stsfBvOuEozi4otP4ozQWxC8sP JkGtkVkwdUKa525WwMdWUWRdPxYUQrJ68Du2reuD44brWaBRxlOEMzuESAriBBtxDE1rAYAzP8ApvnvRevHfvY9la8oqZU/gj7/MHwRuNXw==</latexit>
4⇡ Mt
<latexit sha1_base64="P3BwkV50Cts4cIDd6EewEBhalG0=">AAAB+HicbZDLSgMxFIYz9VbrpaMu3QSL4KrMSEGXBTduhAr2Ap2hnEkzbWiSGZKMUIc+iRsXirj1Udz5NqbtLLT1h8DHf87hnPxRypk2nvftlDY2t7Z3yruV vf2Dw6p7dNzRSaYIbZOEJ6oXgaacSdo2zHDaSxUFEXHajSY383r3kSrNEvlgpikNBYwkixkBY62BW20EKcPBCIQAfIfNwK15dW8hvA5+ATVUqDVwv4JhQjJBpSEctO77XmrCHJRhhNNZJcg0TYFMYET7FiUIqsN8cfgMn1tniONE2ScNXri/J3IQWk9FZDsFmLFerc3N/2r9zMTXYc5kmhkqyXJRnHFsEjxPAQ+ZosTwqQUgitlbMRmDAmJsVhUbgr/65XXoXNZ9y/eNWrNZxFFGp+gMXSAfXaEmukUt1EYEZegZvaI358l5cd6dj2VrySlmTtAfOZ8/QU2SKA==</l atexit><latexit sha1_base64="P3BwkV50Cts4cIDd6EewEBhalG0=">AAAB+HicbZDLSgMxFIYz9VbrpaMu3QSL4KrMSEGXBTduhAr2Ap2hnEkzbWiSGZKMUIc+iRsXirj1Udz5NqbtLLT1h8DHf87hnPxRypk2nvftlDY2t7Z3yruV vf2Dw6p7dNzRSaYIbZOEJ6oXgaacSdo2zHDaSxUFEXHajSY383r3kSrNEvlgpikNBYwkixkBY62BW20EKcPBCIQAfIfNwK15dW8hvA5+ATVUqDVwv4JhQjJBpSEctO77XmrCHJRhhNNZJcg0TYFMYET7FiUIqsN8cfgMn1tniONE2ScNXri/J3IQWk9FZDsFmLFerc3N/2r9zMTXYc5kmhkqyXJRnHFsEjxPAQ+ZosTwqQUgitlbMRmDAmJsVhUbgr/65XXoXNZ9y/eNWrNZxFFGp+gMXSAfXaEmukUt1EYEZegZvaI358l5cd6dj2VrySlmTtAfOZ8/QU2SKA==</l atexit><latexit sha1_base64="P3BwkV50Cts4cIDd6EewEBhalG0=">AAAB+HicbZDLSgMxFIYz9VbrpaMu3QSL4KrMSEGXBTduhAr2Ap2hnEkzbWiSGZKMUIc+iRsXirj1Udz5NqbtLLT1h8DHf87hnPxRypk2nvftlDY2t7Z3yruV vf2Dw6p7dNzRSaYIbZOEJ6oXgaacSdo2zHDaSxUFEXHajSY383r3kSrNEvlgpikNBYwkixkBY62BW20EKcPBCIQAfIfNwK15dW8hvA5+ATVUqDVwv4JhQjJBpSEctO77XmrCHJRhhNNZJcg0TYFMYET7FiUIqsN8cfgMn1tniONE2ScNXri/J3IQWk9FZDsFmLFerc3N/2r9zMTXYc5kmhkqyXJRnHFsEjxPAQ+ZosTwqQUgitlbMRmDAmJsVhUbgr/65XXoXNZ9y/eNWrNZxFFGp+gMXSAfXaEmukUt1EYEZegZvaI358l5cd6dj2VrySlmTtAfOZ8/QU2SKA==</l atexit><latexit sha1_base64="P3BwkV50Cts4cIDd6EewEBhalG0=">AAAB+HicbZDLSgMxFIYz9VbrpaMu3QSL4KrMSEGXBTduhAr2Ap2hnEkzbWiSGZKMUIc+iRsXirj1Udz5NqbtLLT1h8DHf87hnPxRypk2nvftlDY2t7Z3yruV vf2Dw6p7dNzRSaYIbZOEJ6oXgaacSdo2zHDaSxUFEXHajSY383r3kSrNEvlgpikNBYwkixkBY62BW20EKcPBCIQAfIfNwK15dW8hvA5+ATVUqDVwv4JhQjJBpSEctO77XmrCHJRhhNNZJcg0TYFMYET7FiUIqsN8cfgMn1tniONE2ScNXri/J3IQWk9FZDsFmLFerc3N/2r9zMTXYc5kmhkqyXJRnHFsEjxPAQ+ZosTwqQUgitlbMRmDAmJsVhUbgr/65XXoXNZ9y/eNWrNZxFFGp+gMXSAfXaEmukUt1EYEZegZvaI358l5cd6dj2VrySlmTtAfOZ8/QU2SKA==</l atexit>
10000
<latexit sha1_base64="ik2m6jhlzo3uzKRX/WxldBQUvb0=">AAAB7HicbZBNS8NAEIYn9avW r6pHL4tF8FQSEepFKHjxWMG0hTaUzXbSLt1swu5GKKG/wYsHRbz6g7z5b9y2OWjrCwsP78ywM2+YCq6N6347pY3Nre2d8m5lb//g8Kh6fNLWSaYY+iwRieqGVKPgEn3DjcBuqpDGocBOOLmb1ztPqD RP5KOZphjEdCR5xBk11vI912pQrbl1dyGyDl4BNSjUGlS/+sOEZTFKwwTVuue5qQlyqgxnAmeVfqYxpWxCR9izKGmMOsgXy87IhXWGJEqUfdKQhft7Iqex1tM4tJ0xNWO9Wpub/9V6mYlugpzLNDMo 2fKjKBPEJGR+ORlyhcyIqQXKFLe7EjamijJj86nYELzVk9ehfVX3LD9c15q3RRxlOINzuAQPGtCEe2iBDww4PMMrvDnSeXHenY9la8kpZk7hj5zPHzG8jZg=</latexit><latexit sha1_base64="ik2m6jhlzo3uzKRX/WxldBQUvb0=">AAAB7HicbZBNS8NAEIYn9avW r6pHL4tF8FQSEepFKHjxWMG0hTaUzXbSLt1swu5GKKG/wYsHRbz6g7z5b9y2OWjrCwsP78ywM2+YCq6N6347pY3Nre2d8m5lb//g8Kh6fNLWSaYY+iwRieqGVKPgEn3DjcBuqpDGocBOOLmb1ztPqD RP5KOZphjEdCR5xBk11vI912pQrbl1dyGyDl4BNSjUGlS/+sOEZTFKwwTVuue5qQlyqgxnAmeVfqYxpWxCR9izKGmMOsgXy87IhXWGJEqUfdKQhft7Iqex1tM4tJ0xNWO9Wpub/9V6mYlugpzLNDMo 2fKjKBPEJGR+ORlyhcyIqQXKFLe7EjamijJj86nYELzVk9ehfVX3LD9c15q3RRxlOINzuAQPGtCEe2iBDww4PMMrvDnSeXHenY9la8kpZk7hj5zPHzG8jZg=</latexit><latexit sha1_base64="ik2m6jhlzo3uzKRX/WxldBQUvb0=">AAAB7HicbZBNS8NAEIYn9avW r6pHL4tF8FQSEepFKHjxWMG0hTaUzXbSLt1swu5GKKG/wYsHRbz6g7z5b9y2OWjrCwsP78ywM2+YCq6N6347pY3Nre2d8m5lb//g8Kh6fNLWSaYY+iwRieqGVKPgEn3DjcBuqpDGocBOOLmb1ztPqD RP5KOZphjEdCR5xBk11vI912pQrbl1dyGyDl4BNSjUGlS/+sOEZTFKwwTVuue5qQlyqgxnAmeVfqYxpWxCR9izKGmMOsgXy87IhXWGJEqUfdKQhft7Iqex1tM4tJ0xNWO9Wpub/9V6mYlugpzLNDMo 2fKjKBPEJGR+ORlyhcyIqQXKFLe7EjamijJj86nYELzVk9ehfVX3LD9c15q3RRxlOINzuAQPGtCEe2iBDww4PMMrvDnSeXHenY9la8kpZk7hj5zPHzG8jZg=</latexit><latexit sha1_base64="ik2m6jhlzo3uzKRX/WxldBQUvb0=">AAAB7HicbZBNS8NAEIYn9avW r6pHL4tF8FQSEepFKHjxWMG0hTaUzXbSLt1swu5GKKG/wYsHRbz6g7z5b9y2OWjrCwsP78ywM2+YCq6N6347pY3Nre2d8m5lb//g8Kh6fNLWSaYY+iwRieqGVKPgEn3DjcBuqpDGocBOOLmb1ztPqD RP5KOZphjEdCR5xBk11vI912pQrbl1dyGyDl4BNSjUGlS/+sOEZTFKwwTVuue5qQlyqgxnAmeVfqYxpWxCR9izKGmMOsgXy87IhXWGJEqUfdKQhft7Iqex1tM4tJ0xNWO9Wpub/9V6mYlugpzLNDMo 2fKjKBPEJGR+ORlyhcyIqQXKFLe7EjamijJj86nYELzVk9ehfVX3LD9c15q3RRxlOINzuAQPGtCEe2iBDww4PMMrvDnSeXHenY9la8kpZk7hj5zPHzG8jZg=</latexit>8000
<latexit sha1_base64="nExZyyrFK/TuNsuvq9qUwZJ4Tjg=">AAAB63icbZDLSgMxFIbP1F utt6pLN8EiuCoZEexGKLhxWcFeoB1KJs20oUlmSDJCGfoKblwo4tYXcufbmGlnoa0/BD7+cw455w8TwY3F+NsrbWxube+Udyt7+weHR9Xjk46JU01Zm8Yi1r2QGCa4Ym3LrWC9RDMiQ8G64fQur 3efmDY8Vo92lrBAkrHiEafE5lYDYzys1nAdL4TWwS+gBoVaw+rXYBTTVDJlqSDG9H2c2CAj2nIq2LwySA1LCJ2SMes7VEQyE2SLXefowjkjFMXaPWXRwv09kRFpzEyGrlMSOzGrtdz8r9ZPbdQI Mq6S1DJFlx9FqUA2RvnhaMQ1o1bMHBCqudsV0QnRhFoXT8WF4K+evA6dq7rv+OG61rwt4ijDGZzDJfhwA024hxa0gcIEnuEV3jzpvXjv3seyteQVM6fwR97nD83zjWU=</latexit><latexit sha1_base64="nExZyyrFK/TuNsuvq9qUwZJ4Tjg=">AAAB63icbZDLSgMxFIbP1F utt6pLN8EiuCoZEexGKLhxWcFeoB1KJs20oUlmSDJCGfoKblwo4tYXcufbmGlnoa0/BD7+cw455w8TwY3F+NsrbWxube+Udyt7+weHR9Xjk46JU01Zm8Yi1r2QGCa4Ym3LrWC9RDMiQ8G64fQur 3efmDY8Vo92lrBAkrHiEafE5lYDYzys1nAdL4TWwS+gBoVaw+rXYBTTVDJlqSDG9H2c2CAj2nIq2LwySA1LCJ2SMes7VEQyE2SLXefowjkjFMXaPWXRwv09kRFpzEyGrlMSOzGrtdz8r9ZPbdQI Mq6S1DJFlx9FqUA2RvnhaMQ1o1bMHBCqudsV0QnRhFoXT8WF4K+evA6dq7rv+OG61rwt4ijDGZzDJfhwA024hxa0gcIEnuEV3jzpvXjv3seyteQVM6fwR97nD83zjWU=</latexit><latexit sha1_base64="nExZyyrFK/TuNsuvq9qUwZJ4Tjg=">AAAB63icbZDLSgMxFIbP1F utt6pLN8EiuCoZEexGKLhxWcFeoB1KJs20oUlmSDJCGfoKblwo4tYXcufbmGlnoa0/BD7+cw455w8TwY3F+NsrbWxube+Udyt7+weHR9Xjk46JU01Zm8Yi1r2QGCa4Ym3LrWC9RDMiQ8G64fQur 3efmDY8Vo92lrBAkrHiEafE5lYDYzys1nAdL4TWwS+gBoVaw+rXYBTTVDJlqSDG9H2c2CAj2nIq2LwySA1LCJ2SMes7VEQyE2SLXefowjkjFMXaPWXRwv09kRFpzEyGrlMSOzGrtdz8r9ZPbdQI Mq6S1DJFlx9FqUA2RvnhaMQ1o1bMHBCqudsV0QnRhFoXT8WF4K+evA6dq7rv+OG61rwt4ijDGZzDJfhwA024hxa0gcIEnuEV3jzpvXjv3seyteQVM6fwR97nD83zjWU=</latexit><latexit sha1_base64="nExZyyrFK/TuNsuvq9qUwZJ4Tjg=">AAAB63icbZDLSgMxFIbP1F utt6pLN8EiuCoZEexGKLhxWcFeoB1KJs20oUlmSDJCGfoKblwo4tYXcufbmGlnoa0/BD7+cw455w8TwY3F+NsrbWxube+Udyt7+weHR9Xjk46JU01Zm8Yi1r2QGCa4Ym3LrWC9RDMiQ8G64fQur 3efmDY8Vo92lrBAkrHiEafE5lYDYzys1nAdL4TWwS+gBoVaw+rXYBTTVDJlqSDG9H2c2CAj2nIq2LwySA1LCJ2SMes7VEQyE2SLXefowjkjFMXaPWXRwv09kRFpzEyGrlMSOzGrtdz8r9ZPbdQI Mq6S1DJFlx9FqUA2RvnhaMQ1o1bMHBCqudsV0QnRhFoXT8WF4K+evA6dq7rv+OG61rwt4ijDGZzDJfhwA024hxa0gcIEnuEV3jzpvXjv3seyteQVM6fwR97nD83zjWU=</latexit>
6000
<latexit sha1_base64="S1MAzdbZJ8TUrxgGpxrKZVnw9bE=">AAAB63icbZDLSgMxFIbP1Fut t6pLN8EiuCoZEXUjFNy4rGAv0A4lk2ba0CQzJBmhDH0FNy4UcesLufNtzLSz0NYfAh//OYec84eJ4MZi/O2V1tY3NrfK25Wd3b39g+rhUdvEqaasRWMR625IDBNcsZblVrBuohmRoWCdcHKX1ztPTB seq0c7TVggyUjxiFNic+sKYzyo1nAdz4VWwS+gBoWag+pXfxjTVDJlqSDG9Hyc2CAj2nIq2KzSTw1LCJ2QEes5VEQyE2TzXWfozDlDFMXaPWXR3P09kRFpzFSGrlMSOzbLtdz8r9ZLbXQTZFwlqWWK Lj6KUoFsjPLD0ZBrRq2YOiBUc7cromOiCbUunooLwV8+eRXaF3Xf8cNlrXFbxFGGEziFc/DhGhpwD01oAYUxPMMrvHnSe/HevY9Fa8krZo7hj7zPH8rljWM=</latexit><latexit sha1_base64="S1MAzdbZJ8TUrxgGpxrKZVnw9bE=">AAAB63icbZDLSgMxFIbP1Fut t6pLN8EiuCoZEXUjFNy4rGAv0A4lk2ba0CQzJBmhDH0FNy4UcesLufNtzLSz0NYfAh//OYec84eJ4MZi/O2V1tY3NrfK25Wd3b39g+rhUdvEqaasRWMR625IDBNcsZblVrBuohmRoWCdcHKX1ztPTB seq0c7TVggyUjxiFNic+sKYzyo1nAdz4VWwS+gBoWag+pXfxjTVDJlqSDG9Hyc2CAj2nIq2KzSTw1LCJ2QEes5VEQyE2TzXWfozDlDFMXaPWXR3P09kRFpzFSGrlMSOzbLtdz8r9ZLbXQTZFwlqWWK Lj6KUoFsjPLD0ZBrRq2YOiBUc7cromOiCbUunooLwV8+eRXaF3Xf8cNlrXFbxFGGEziFc/DhGhpwD01oAYUxPMMrvHnSe/HevY9Fa8krZo7hj7zPH8rljWM=</latexit><latexit sha1_base64="S1MAzdbZJ8TUrxgGpxrKZVnw9bE=">AAAB63icbZDLSgMxFIbP1Fut t6pLN8EiuCoZEXUjFNy4rGAv0A4lk2ba0CQzJBmhDH0FNy4UcesLufNtzLSz0NYfAh//OYec84eJ4MZi/O2V1tY3NrfK25Wd3b39g+rhUdvEqaasRWMR625IDBNcsZblVrBuohmRoWCdcHKX1ztPTB seq0c7TVggyUjxiFNic+sKYzyo1nAdz4VWwS+gBoWag+pXfxjTVDJlqSDG9Hyc2CAj2nIq2KzSTw1LCJ2QEes5VEQyE2TzXWfozDlDFMXaPWXR3P09kRFpzFSGrlMSOzbLtdz8r9ZLbXQTZFwlqWWK Lj6KUoFsjPLD0ZBrRq2YOiBUc7cromOiCbUunooLwV8+eRXaF3Xf8cNlrXFbxFGGEziFc/DhGhpwD01oAYUxPMMrvHnSe/HevY9Fa8krZo7hj7zPH8rljWM=</latexit><latexit sha1_base64="S1MAzdbZJ8TUrxgGpxrKZVnw9bE=">AAAB63icbZDLSgMxFIbP1Fut t6pLN8EiuCoZEXUjFNy4rGAv0A4lk2ba0CQzJBmhDH0FNy4UcesLufNtzLSz0NYfAh//OYec84eJ4MZi/O2V1tY3NrfK25Wd3b39g+rhUdvEqaasRWMR625IDBNcsZblVrBuohmRoWCdcHKX1ztPTB seq0c7TVggyUjxiFNic+sKYzyo1nAdz4VWwS+gBoWag+pXfxjTVDJlqSDG9Hyc2CAj2nIq2KzSTw1LCJ2QEes5VEQyE2TzXWfozDlDFMXaPWXR3P09kRFpzFSGrlMSOzbLtdz8r9ZLbXQTZFwlqWWK Lj6KUoFsjPLD0ZBrRq2YOiBUc7cromOiCbUunooLwV8+eRXaF3Xf8cNlrXFbxFGGEziFc/DhGhpwD01oAYUxPMMrvHnSe/HevY9Fa8krZo7hj7zPH8rljWM=</latexit>
2000
<latexit sha1_base64="c5MF5/vIhftoC8vB+W4byfZkdA0=">AAAB63icbZDLSgMxFIbP1F utt6pLN8EiuCqZIuhGKLhxWcFeoB1KJs20oUlmSDJCGfoKblwo4tYXcufbmGlnoa0/BD7+cw455w8TwY3F+NsrbWxube+Udyt7+weHR9Xjk46JU01Zm8Yi1r2QGCa4Ym3LrWC9RDMiQ8G64fQur 3efmDY8Vo92lrBAkrHiEafE5lYDYzys1nAdL4TWwS+gBoVaw+rXYBTTVDJlqSDG9H2c2CAj2nIq2LwySA1LCJ2SMes7VEQyE2SLXefowjkjFMXaPWXRwv09kRFpzEyGrlMSOzGrtdz8r9ZPbXQT ZFwlqWWKLj+KUoFsjPLD0YhrRq2YOSBUc7crohOiCbUunooLwV89eR06jbrv+OGq1rwt4ijDGZzDJfhwDU24hxa0gcIEnuEV3jzpvXjv3seyteQVM6fwR97nD8TJjV8=</latexit><latexit sha1_base64="c5MF5/vIhftoC8vB+W4byfZkdA0=">AAAB63icbZDLSgMxFIbP1F utt6pLN8EiuCqZIuhGKLhxWcFeoB1KJs20oUlmSDJCGfoKblwo4tYXcufbmGlnoa0/BD7+cw455w8TwY3F+NsrbWxube+Udyt7+weHR9Xjk46JU01Zm8Yi1r2QGCa4Ym3LrWC9RDMiQ8G64fQur 3efmDY8Vo92lrBAkrHiEafE5lYDYzys1nAdL4TWwS+gBoVaw+rXYBTTVDJlqSDG9H2c2CAj2nIq2LwySA1LCJ2SMes7VEQyE2SLXefowjkjFMXaPWXRwv09kRFpzEyGrlMSOzGrtdz8r9ZPbXQT ZFwlqWWKLj+KUoFsjPLD0YhrRq2YOSBUc7crohOiCbUunooLwV89eR06jbrv+OGq1rwt4ijDGZzDJfhwDU24hxa0gcIEnuEV3jzpvXjv3seyteQVM6fwR97nD8TJjV8=</latexit><latexit sha1_base64="c5MF5/vIhftoC8vB+W4byfZkdA0=">AAAB63icbZDLSgMxFIbP1F utt6pLN8EiuCqZIuhGKLhxWcFeoB1KJs20oUlmSDJCGfoKblwo4tYXcufbmGlnoa0/BD7+cw455w8TwY3F+NsrbWxube+Udyt7+weHR9Xjk46JU01Zm8Yi1r2QGCa4Ym3LrWC9RDMiQ8G64fQur 3efmDY8Vo92lrBAkrHiEafE5lYDYzys1nAdL4TWwS+gBoVaw+rXYBTTVDJlqSDG9H2c2CAj2nIq2LwySA1LCJ2SMes7VEQyE2SLXefowjkjFMXaPWXRwv09kRFpzEyGrlMSOzGrtdz8r9ZPbXQT ZFwlqWWKLj+KUoFsjPLD0YhrRq2YOSBUc7crohOiCbUunooLwV89eR06jbrv+OGq1rwt4ijDGZzDJfhwDU24hxa0gcIEnuEV3jzpvXjv3seyteQVM6fwR97nD8TJjV8=</latexit><latexit sha1_base64="c5MF5/vIhftoC8vB+W4byfZkdA0=">AAAB63icbZDLSgMxFIbP1F utt6pLN8EiuCqZIuhGKLhxWcFeoB1KJs20oUlmSDJCGfoKblwo4tYXcufbmGlnoa0/BD7+cw455w8TwY3F+NsrbWxube+Udyt7+weHR9Xjk46JU01Zm8Yi1r2QGCa4Ym3LrWC9RDMiQ8G64fQur 3efmDY8Vo92lrBAkrHiEafE5lYDYzys1nAdL4TWwS+gBoVaw+rXYBTTVDJlqSDG9H2c2CAj2nIq2LwySA1LCJ2SMes7VEQyE2SLXefowjkjFMXaPWXRwv09kRFpzEyGrlMSOzGrtdz8r9ZPbXQT ZFwlqWWKLj+KUoFsjPLD0YhrRq2YOSBUc7crohOiCbUunooLwV89eR06jbrv+OGq1rwt4ijDGZzDJfhwDU24hxa0gcIEnuEV3jzpvXjv3seyteQVM6fwR97nD8TJjV8=</latexit> 4000
<latexit sha1_base64="p8ya+2hEcE2sFWIbGqN/bchSF+A=">AAAB63icbZDLSgMxFIbP1Fu tt6pLN8EiuCoZKehGKLhxWcFeoB1KJs20oUlmSDJCGfoKblwo4tYXcufbmGlnoa0/BD7+cw455w8TwY3F+NsrbWxube+Udyt7+weHR9Xjk46JU01Zm8Yi1r2QGCa4Ym3LrWC9RDMiQ8G64fQur3efm DY8Vo92lrBAkrHiEafE5lYDYzys1nAdL4TWwS+gBoVaw+rXYBTTVDJlqSDG9H2c2CAj2nIq2LwySA1LCJ2SMes7VEQyE2SLXefowjkjFMXaPWXRwv09kRFpzEyGrlMSOzGrtdz8r9ZPbXQTZFwlqW WKLj+KUoFsjPLD0YhrRq2YOSBUc7crohOiCbUunooLwV89eR06V3Xf8UOj1rwt4ijDGZzDJfhwDU24hxa0gcIEnuEV3jzpvXjv3seyteQVM6fwR97nD8fXjWE=</latexit><latexit sha1_base64="p8ya+2hEcE2sFWIbGqN/bchSF+A=">AAAB63icbZDLSgMxFIbP1Fu tt6pLN8EiuCoZKehGKLhxWcFeoB1KJs20oUlmSDJCGfoKblwo4tYXcufbmGlnoa0/BD7+cw455w8TwY3F+NsrbWxube+Udyt7+weHR9Xjk46JU01Zm8Yi1r2QGCa4Ym3LrWC9RDMiQ8G64fQur3efm DY8Vo92lrBAkrHiEafE5lYDYzys1nAdL4TWwS+gBoVaw+rXYBTTVDJlqSDG9H2c2CAj2nIq2LwySA1LCJ2SMes7VEQyE2SLXefowjkjFMXaPWXRwv09kRFpzEyGrlMSOzGrtdz8r9ZPbXQTZFwlqW WKLj+KUoFsjPLD0YhrRq2YOSBUc7crohOiCbUunooLwV89eR06V3Xf8UOj1rwt4ijDGZzDJfhwDU24hxa0gcIEnuEV3jzpvXjv3seyteQVM6fwR97nD8fXjWE=</latexit><latexit sha1_base64="p8ya+2hEcE2sFWIbGqN/bchSF+A=">AAAB63icbZDLSgMxFIbP1Fu tt6pLN8EiuCoZKehGKLhxWcFeoB1KJs20oUlmSDJCGfoKblwo4tYXcufbmGlnoa0/BD7+cw455w8TwY3F+NsrbWxube+Udyt7+weHR9Xjk46JU01Zm8Yi1r2QGCa4Ym3LrWC9RDMiQ8G64fQur3efm DY8Vo92lrBAkrHiEafE5lYDYzys1nAdL4TWwS+gBoVaw+rXYBTTVDJlqSDG9H2c2CAj2nIq2LwySA1LCJ2SMes7VEQyE2SLXefowjkjFMXaPWXRwv09kRFpzEyGrlMSOzGrtdz8r9ZPbXQTZFwlqW WKLj+KUoFsjPLD0YhrRq2YOSBUc7crohOiCbUunooLwV89eR06V3Xf8UOj1rwt4ijDGZzDJfhwDU24hxa0gcIEnuEV3jzpvXjv3seyteQVM6fwR97nD8fXjWE=</latexit><latexit sha1_base64="p8ya+2hEcE2sFWIbGqN/bchSF+A=">AAAB63icbZDLSgMxFIbP1Fu tt6pLN8EiuCoZKehGKLhxWcFeoB1KJs20oUlmSDJCGfoKblwo4tYXcufbmGlnoa0/BD7+cw455w8TwY3F+NsrbWxube+Udyt7+weHR9Xjk46JU01Zm8Yi1r2QGCa4Ym3LrWC9RDMiQ8G64fQur3efm DY8Vo92lrBAkrHiEafE5lYDYzys1nAdL4TWwS+gBoVaw+rXYBTTVDJlqSDG9H2c2CAj2nIq2LwySA1LCJ2SMes7VEQyE2SLXefowjkjFMXaPWXRwv09kRFpzEyGrlMSOzGrtdz8r9ZPbXQTZFwlqW WKLj+KUoFsjPLD0YhrRq2YOSBUc7crohOiCbUunooLwV89eR06V3Xf8UOj1rwt4ijDGZzDJfhwDU24hxa0gcIEnuEV3jzpvXjv3seyteQVM6fwR97nD8fXjWE=</latexit>
p⌘,i
<latexit sha1_base64="h0CVYJWI14JxCqDIEVLxHzcnU7I=">AAAB8XicbZBNS8NAEIYn 9avWr6pHL8EieJCSiKDHghePFewHtqFsttN26WYTdidCCf0XXjwo4tV/481/47bNQVtfWHh4Z4adecNECkOe9+0U1tY3NreK26Wd3b39g/LhUdPEqebY4LGMdTtkBqVQ2CBBEtuJRhaFElv h+HZWbz2hNiJWDzRJMIjYUImB4Iys9Zj0si4SuxDTXrniVb253FXwc6hArnqv/NXtxzyNUBGXzJiO7yUUZEyT4BKnpW5qMGF8zIbYsahYhCbI5htP3TPr9N1BrO1T5M7d3xMZi4yZRKHtj BiNzHJtZv5X66Q0uAkyoZKUUPHFR4NUuhS7s/PdvtDISU4sMK6F3dXlI6YZJxtSyYbgL5+8Cs3Lqm/5/qpSq+VxFOEETuEcfLiGGtxBHRrAQcEzvMKbY5wX5935WLQWnHzmGP7I+fwBiViQ zg==</latexit><latexit sha1_base64="h0CVYJWI14JxCqDIEVLxHzcnU7I=">AAAB8XicbZBNS8NAEIYn 9avWr6pHL8EieJCSiKDHghePFewHtqFsttN26WYTdidCCf0XXjwo4tV/481/47bNQVtfWHh4Z4adecNECkOe9+0U1tY3NreK26Wd3b39g/LhUdPEqebY4LGMdTtkBqVQ2CBBEtuJRhaFElv h+HZWbz2hNiJWDzRJMIjYUImB4Iys9Zj0si4SuxDTXrniVb253FXwc6hArnqv/NXtxzyNUBGXzJiO7yUUZEyT4BKnpW5qMGF8zIbYsahYhCbI5htP3TPr9N1BrO1T5M7d3xMZi4yZRKHtj BiNzHJtZv5X66Q0uAkyoZKUUPHFR4NUuhS7s/PdvtDISU4sMK6F3dXlI6YZJxtSyYbgL5+8Cs3Lqm/5/qpSq+VxFOEETuEcfLiGGtxBHRrAQcEzvMKbY5wX5935WLQWnHzmGP7I+fwBiViQ zg==</latexit><latexit sha1_base64="h0CVYJWI14JxCqDIEVLxHzcnU7I=">AAAB8XicbZBNS8NAEIYn 9avWr6pHL8EieJCSiKDHghePFewHtqFsttN26WYTdidCCf0XXjwo4tV/481/47bNQVtfWHh4Z4adecNECkOe9+0U1tY3NreK26Wd3b39g/LhUdPEqebY4LGMdTtkBqVQ2CBBEtuJRhaFElv h+HZWbz2hNiJWDzRJMIjYUImB4Iys9Zj0si4SuxDTXrniVb253FXwc6hArnqv/NXtxzyNUBGXzJiO7yUUZEyT4BKnpW5qMGF8zIbYsahYhCbI5htP3TPr9N1BrO1T5M7d3xMZi4yZRKHtj BiNzHJtZv5X66Q0uAkyoZKUUPHFR4NUuhS7s/PdvtDISU4sMK6F3dXlI6YZJxtSyYbgL5+8Cs3Lqm/5/qpSq+VxFOEETuEcfLiGGtxBHRrAQcEzvMKbY5wX5935WLQWnHzmGP7I+fwBiViQ zg==</latexit><latexit sha1_base64="h0CVYJWI14JxCqDIEVLxHzcnU7I=">AAAB8XicbZBNS8NAEIYn 9avWr6pHL8EieJCSiKDHghePFewHtqFsttN26WYTdidCCf0XXjwo4tV/481/47bNQVtfWHh4Z4adecNECkOe9+0U1tY3NreK26Wd3b39g/LhUdPEqebY4LGMdTtkBqVQ2CBBEtuJRhaFElv h+HZWbz2hNiJWDzRJMIjYUImB4Iys9Zj0si4SuxDTXrniVb253FXwc6hArnqv/NXtxzyNUBGXzJiO7yUUZEyT4BKnpW5qMGF8zIbYsahYhCbI5htP3TPr9N1BrO1T5M7d3xMZi4yZRKHtj BiNzHJtZv5X66Q0uAkyoZKUUPHFR4NUuhS7s/PdvtDISU4sMK6F3dXlI6YZJxtSyYbgL5+8Cs3Lqm/5/qpSq+VxFOEETuEcfLiGGtxBHRrAQcEzvMKbY5wX5935WLQWnHzmGP7I+fwBiViQ zg==</latexit>
pA,1
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FIG. 3. Power pη,i of the oscillator with mη,i in an array
of N = 10 unit cells as a function of time (normalized by
the frequency 4piγM). The dashed line corresponds to the
steady-state power of a single oscillator. Parameters taken
are 2kBT/Ns~ω = 10−4, α = 10−2, J˜ = −0.025/4piγM ,
ω/4piγM = 0.5, J/J˜ = 0.5, and Js = J
∗
s .
tional to the experimentally emitted microwave power,
and a precession angle φη,i(t) as
mη,i =
2√pη,i(1− pη,i) sinφη,i2√pη,i(1− pη,i) cosφη,i
1− 2pη,i
 . (8)
The initial value of φη,i(t = 0) is taken to be a random
number between 0 and 2pi and the initial power pη,i(t =
0) is drawn from a thermal equilibrium distribution for
an ensemble of isolated STOs [21],
Peq ∝ exp
[
− Ns
kBT
ωpη,i
]
, (9)
where kB is the Boltzmann constant, T the tempera-
ture, and Ns the number of spins in each STO. We
take 2kBT/Ns~ω = 10−4 and α = 10−2 for typical ma-
terials used for spin-torque experiments at room tem-
perature [21]. In Fig. 3 we show the numerical results
for the power of all oscillators for J˜ = −0.025/4piγM ,
ω/4piγM = 0.5, J/J˜ = 0.5, and Js = J
∗
s , which cor-
responds to the PT symmetric case of one lasing edge
mode.
We find that, after some time, the power of the oscil-
lator on the right edge grows and eventually saturates
while the other oscillators have negligible power at all
times. The power saturation level of the oscillator at
the edge is, because of the small couplings J and J˜ , well
approximated by the steady-state power of a single os-
cillator as found from Eq. (1) (see Ref. [21]), denoted by
a dashed line in Fig. 3. Our numerical results therefore
confirm the presence of a lasing edge mode, which man-
ifests as a topologically protected auto-oscillation of the
oscillator at the edge. While we find from our numeri-
cal solutions that the dynamics outside the regime of one
topologically-protected lasing edge mode is interesting,
it is also non-universal. For example, often several (but
5not all) oscillators reach a steady state at nonzero power,
but which oscillators reach nonzero power strongly de-
pends on the initial conditions. We consider an exhaus-
tive study of the nonlinear dynamics of the proposed sys-
tem beyond the scope of this article.
Discussion. In this work, we classified the topology of
an intrinsically dissipative magnetic system. We estab-
lish a mapping between the linearized magnetic dynamics
of a 1D array of STOs and a non-Hermitian SSH model.
We find that topologically nontrivial phases can be ac-
cessed by tuning both the spin current injection and the
properties of the metallic spacers connecting the STOs.
The topological phases support a topologically protected
lasing edge mode, which manifests as a single edge STO
emitting a microwave signal while the bulk STOs are not
active. Our results show that the topologically-protected
edge mode is robust against deviations of the spin cur-
rent from the PT symmetric value and robust against
dissipative coupling between STOs.
The emergence and position of the lasing edge mode
is controlled via spin current injection. The location
of the lasing edge switches sides upon changing spin-
current injection from A to B sublattice sites, thereby
opening up prospects for building tunable and robust
spin-wave waveguides and neuromorphic networks [28].
Future work should address the effects of long-range in-
tercell and intracell couplings, the effects of drives and
coupled dynamics [29], and the non-Hermitian topology
of magnetic systems in higher dimensions [30].
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